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Abstract

Due to the unique structure and small scale of Micro-Electro-Mechanical Sys-
tems (MEMS), the inherent residual stresses during the deposition processes can
have a profound affect on the functionality and reliability of the fabricated MEMS
devices. Residual stress often causes device failure due to curling, buckling, or frac-
ture. Typically, the material properties of thin films used in surface micromachining
are not controlled during deposition. The residual stress, for example, tends to vary
significantly for different deposition methods. Currently, few techniques are avail-
able to measure the residual stress in MEMS devices. In this dissertation research, I
use uRaman spectroscopy to measure the residual and induced stresses in MUMPs®
polysilicon and GaAs MEMS devices. pRaman spectroscopy was selected since it
is nondestructive, fast, and provides the potential for in situ stress monitoring. I
performed Raman spectroscopy line and mapping scans to obtain Raman residual
stress profiles on unreleased and released MEMS fixed-fixed beams, cantilevers, and
micromirror flexures. These profiles were compared to analytical models to assess
the accuracy of the Raman stress profiles. Finite element residual and induced stress
profiles are obtained from MEMCAD modeling software and used to assess the viabil-
ity of pRaman spectroscopy as an in situ stress measurement technique. I performed
several post-processing techniques to include thermal annealing, phosphorous diffu-
sion, and phosphorous ion implantation to investigate methods to alter or control the
residual stress within MEMS devices. pRaman spectroscopy is used to characterize
and monitor the residual stress levels in the unreleased MEMS structures following
each post-processing experiment to determine the magnitude of stress relaxation.
Significant residual stress relaxation is observed in the Raman stress profiles and
verified with on-chip test structures following the thermal anneals and doping. The

MUMPs® foundry fabricated residual stress levels can be significantly reduced by

Xix



over 90% to stress levels less than 1 MPa following post-processing. The reduced
residual stress levels can significantly improve device performance, reliability, and
yield as MEMS devices become smaller. In addition to the polysilicon stress profiles,

the first gRaman stress measurements in I1I-V MEMS is presented.
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Characterization of Residual Stress in Microelectromechanical

Systems (MEMS) Devices using Raman Spectroscopy

1. Introduction
1.1  Introduction

Microelectromechanical systems (MEMS) systems are becoming an integral
part of our everyday lives. MEMS are used in many applications from air bag trig-
gers in automotive applications to adaptive optics for communications. MEMS are
receiving significant interest in the Air Force for many different applications ranging
from accelerometers used in inertial navigation systems for munitions and unmanned
areal vehicles (UAV) to radio frequency (RF) microswitches for communications.
MEMS are fabricated through either a surface or bulk micromachining process or a
combination thereof. A MEMS fabrication process typically consists of a series of
steps to include: material depositions, etches, and photolithography. Polysilicon is
the most common material used for MEMS; however, other materials such as silicon
carbide (SiC), gallium arsenide (GaAs), and amorphous silicon are becoming more
popular since these materials have better optical and thermal capabilities. Since
MEMS devices are built on the micrometer scale, residual stresses can play a major
role in the successful use and reliability of the devices. In many MEMS devices with
free standing structures, residual stress can physically warp the device to a degree
that the free standing structure either curls upward or touches the substrate and is
no longer useful. In micromirror arrays, residual stress gradients can destroy the flat-
ness of the mirror surfaces making them unusable. However, if the residual stresses
can be mapped, and eventually controlled during the manufacturing processes, the
MEMS designer will no longer be forced to limit his/her design to account for the

intrinsic manufacturing stresses.
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Several different methods have been used to characterize stress in thin films
of silicon to include the measurement of wafer curvature [6], membrane load deflec-
tion [12], and interferometric measurements of deflection and curvature [2]. X-ray
diffraction techniques can also measure stress but are cumbersome and lack a high
spatial resolution [2]. Micro-Raman (uRaman) spectroscopy is increasingly being
used to measure stress in electronic silicon devices. This technique is nondestructive
and accurate for most required stress measurements. Since it is an optical technique,
pRaman spectroscopy shows promise as a minimally invasive in situ measurement
technique that is useful for the manufacture of MEMS devices. It is also a useful tool
for basic studies of stress of micrometer-scale crystalline or polycrystalline structures

made from silicon or other semiconducting materials.

The dissertation problem statement and approach are detailed in Section 1.2.
In Section 1.3, I provide a brief background and identify some causes of stress in
MEMS. Stress characterization and an overview of yRaman spectroscopy are pre-
sented in Section 1.4. In Section 1.5, I summarize my research accomplishments and

Section 1.6 provides the organization of this dissertation.

1.2 Problem Statement and Approach

The Committee on Advanced Materials and Fabrication Methods for Micro-
electromechanical Systems (MEMS) met in 1997 and reviewed all major advances
and shortfalls in the area of MEMS research. Two of the shortfalls included the fol-
lowing: (1) The Integrated Circuit (IC) industry has an extensive body of knowledge
concerning the behavior of silicon and related materials as they are scaled down in
size. There is no comparable resource established for MEMS. (2) The electrical prop-
erties of polysilicon thin films are well known; however, not much is known about the
micromechanical properties or the surface mechanics related to friction, wear, and
stress-related failure [3]. The committee concluded that a thorough understanding

of the micromechanical properties of the materials used in MEMS is not available
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but should be vigorously investigated. The following quote from the committee’s

recommendation illustrates this concern [3]:

"The characterization and testing of MEMS materials should be an area
of major emphasis. Studies that address fundamental mechanical prop-
erties (e.g., Young’s modulus, fatigue strength, residual stress, internal
friction) and the engineering physics of long-term reliability, friction,
and wear are vitally needed. It is important that these studies take into
account fabrication processes, scaling, temperature, operational environ-
ment (i.e., vacuum, gaseous, or liquid), and size dependencies.”

In this dissertation, I investigate some of the deficiencies that currently exist
in the design and fabrication of MEMS devices. These deficiencies include the mea-
surement of Young’s modulus and residual stress for polysilicon structural layers.
The primary emphasis is the determination and verification of the residual stress
that is inherently present during MEMS fabrication. The approach I pursue is to
use available surface micromachining foundry processes for low cost fabrication of
prototype MEMS test structures. I design and investigate these MEMS structures to
assess and measure residual stress changes before, during, and after the application
of post-processing techniques. pRaman spectroscopy is selected as the experimen-
tal technique to obtain the residual stress profiles from various MEMS structures

(fixed-fixed beams, cantilevers, and micromirror flexures).

1.3 MEMS Background

Polysilicon films deposited by low pressure chemical vapor deposition (LPCVD)
are the most widely used structural material in MEMS. Mechanical microstructures
such as cantilevers, bridges, suspended structures, rotors, etc. are the basic sensing
and actuating elements for MEMS. These elements can easily be fabricated using
doped polysilicon as a structural material and silicon dioxide as a sacrificial mate-
rial. The mechanical properties of the structural layers, in particular the stress and
stress gradients, are very important for device performance. Residual stress often

causes device failure due to curling, buckling, or fracture. Residual stress and stress
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gradients are inherent in as-deposited, undoped polysilicon films for all deposition
temperatures [7]. Stresses in films can result from mismatched lattice constants, ther-
mal expansion coefficients between different materials, and the growth process [5].
The deposition and subsequent annealing parameters need to be tailored to achieve
films with controllable residual stress and stress gradients. Post-deposition rapid
thermal annealing (RTA) is a well known technique which can be used for obtaining
nearly stress-free films [8]. Figure 1.1 illustrates the effects of residual stress on can-
tilever beams. Figure 1.2 shows the effects of residual stress on the optical surface
of micromirrors. As seen in Figure 1.1 and 1.2, the inherent residual stress can have

a profound effect on the functionality and reliability of thin films used for MEMS

devices.

Figure 1.1:  Polysilicon cantilevers curl due to residual stress.

1.4 Stress Characterization and Measurement Techniques

For the proper design and operation of MEMS devices, accurate control or
estimation of the material properties of polysilicon deposited by LPCVD is critical.
Current MEMS designers have little to no control of the fabrication processes. They

must design MEMS devices to account for variations in the material characteristics
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and fabrication tolerances. A nondestructive in situ measurement technique would

enable precise control of the MEMS fabrication processes.

mm

mim

Figure 1.2:  Residual stress effects on polysilicon micromirrors. Top image illus-
trates the curvature of a single micromirror surface. The bottom image
is an interferometric microscope (IFM) image of an array of micromir-
rors illustrating the nonuniform curvature of the micromirror surfaces
as illustrated by the fringe lines on the mirror surfaces.

During and after the processing of semiconductor devices, mechanical stresses
develop in the different thin films and in the substrate. The problems associated
with residual stresses become more acute with the increasing complexity and minia-

turization of the devices. For this reason, a study of stress is very important. There
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are a number of techniques that can be used to measure stress in thin films. However,
they all have problems when applied to materials encountered in microelectronics.
Either the resolution is limited, they are destructive, or the indirect measurement
technique requires complex modeling of measured data. A measurement technique
which has proven to be very valuable for the determination of local stress in thin

film materials is pRaman spectroscopy [4, 11].

In pRaman spectroscopy, laser light is focused on the sample through a micro-
scope. A laser beam irradiates the sample and the scattered light, which carries the
Raman signals, is collected and directed into a spectrometer. The spectrometer mea-
sures the intensity of the Raman signal as a function of frequency. When the sample
is unstressed, the spectrometer measures a reference spectrum. When the sample is
placed in a stressed state, the Raman spectrum displays a shift in the frequency with
respect to the reference spectrum. This frequency shift is a result of the residual or
induced stress. Figure 1.3 shows a block diagram of a typical uRaman spectroscopy

system and a picture of the Raman spectroscopy system at Wright State University.

Some factors which can influence the Raman peak frequency include instability
of the laser and spectrometer, focusing changes of the laser on the sample [11], and
heating of the sample by the focused laser beam. The frequency of the Raman
peak is both stress and temperature sensitive. Until a few years ago, this technique
was mostly applied in chemical studies as a complementary technique to infrared
spectroscopy, giving information on the chemical composition and crystallinity of
the sample [9]. However, since the first reports of Anastassakis [2] on the sensitivity
of the Raman peak for mechanical stress, the technique has been increasingly used to
study local mechanical stress in devices and structures used in microelectronics [10].
This technique has the advantage of being fast and nondestructive with micrometer
spatial resolution [10]. In general, a Raman frequency higher than the stress-free

frequency indicates compressive stress in the sample, while a Raman frequency lower
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than the stress-free frequency indicates tensile stress. This is not always true, as

nonzero stress tensor components influence the position of the Raman peak.

Raman —_— Spectrometer N CCD Detector

Microscope |4 & Electronics
L aser
Optics
514.5nm
; l A 4
Material under test Raman Ar+ S
L aser Computer

(b)

Figure 1.3:  Figure a) Block diagram of a pRaman spectroscopy system, (b) the
Raman spectroscopy system at Wright State University
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In order to relate the measured Raman shift to the stress present in the sample,
some prior knowledge of the stress distribution in the sample is necessary. When
uniaxial, hydrostatic, or uniform biaxial stress is present in the system, calculations
of the Raman shift as a function of this stress is a linear relation between the observed
Raman shift and the stress. The penetration depth of the laser beam in the material,
the spot size, and the relative intensity of the different Raman modes must be taken
into account in order to correctly interpret the data [10]. Several analytical models
to include a fixed-fixed beam thermal model and a fixed-fixed beam stress model are

required to properly assess the stress profiles from Raman spectroscopy.

In this dissertation, I will focus on the assessment of the residual stress as
measured by pRaman spectroscopy. [ will evaluate the residual stress variations
following post-processing techniques to include thermal anneals, phosphorous diffu-
sion, and phosphorous implants. I will then compare the Raman stress values to
analytical stress calculations as determined from on-chip buckling beam arrays and
cantilever deflections. I was unable to perform Raman experimental tests using a
different laser wavelength. The primary implication from this, is that all pRaman
stress profiles will be obtained from a particular material depth determined by the
laser wavelength. Currently both Raman systems employ a 514.5 nm argon laser
which provides a Raman stress profile at a depth of approximately 700 nm in silicon
and 50 nm in GaAs. The Raman system at WSU employs a second laser at a wave-
length of 632 nm. Since the MEMS structures I am using are at most 3.5 pum-thick,
the 632 nm laser will penetrate completely through the MEMS structures, thus no

usable stress data can be obtained.

1.5 Research Accomplishments

The residual stress and stress gradients make it extremely difficult to accurately
design a MEMS device and know that it will operate correctly. In this dissertation,

I demonstrate a technique which can be used to measure the residual stress levels
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in unreleased or released MEMS structures. For unwanted high residual stress lev-
els in unreleased MEMS structures, I show that post-processing high temperature
anneals or phosphorous doping can be used to enhance residual stress relaxation.
pRaman spectroscopy is an essential technique used in this research to measure the
level of inherent residual stress during foundry fabrication. I use this technique to
measure Raman residual stress profiles during post-process annealing and /or doping

experiments to illustrate control of the amount of stress relaxation.

In this dissertation, I also investigate the possibility of using gyRaman spec-
troscopy as a technique for in situ residual stress monitoring during MEMS fabri-
cation. The Raman characterization consisted of analytical and experimental tests
involving laser and spectrometer stability, laser focusing, proper laser power level de-
termination, and thermal characterization of the MEMS test structures. Following
these characterization tests, I performed Raman line and mapping scans to obtain
Raman residual stress profiles on unreleased and released MEMS fixed-fixed beams,
cantilevers, and micromirror flexures. These profiles were compared to analytical
models to assess the realization of the Raman profiles. Excellent correlation exists
between the Raman and analytical stress profiles. In addition, several MEMS devices
are modelled using the commercial MEMCAD [1] software to obtain finite element
residual and induced stress profiles. These finite element model (FEM) stress curves
are also used to assess the viability of yRaman spectroscopy as an in situ stress

measurement technique.

In this research, several material parameters were determined, to include:
Young’s modulus for both available polysilicon (Polyl and Poly2) structural lay-
ers, the localized residual stress values for both layers, and the phonon deformation
potentials for both structural layers of the Multi-User MEMS Process (MUMPs®)
foundry process. These parameters support my assessment and understanding of the
residual stress profiles obtained via pRaman spectroscopy for the selected MEMS

structures.
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I performed several post-processing techniques to investigate methods to alter
or control residual stress within MEMS devices. These post-processing techniques
include thermal annealing, phosphorous diffusion, and phosphorous ion implants. I
used pRaman spectroscopy to characterize and monitor the residual stress levels in
the unreleased MEMS structures following each post-processing experiment to deter-
mine the magnitude of stress relaxation. I then released the MEMS die by selectively
etching away the silicon dioxide layers. I then analytically calculated the remaining
residual stress levels in the MEMS structures by using basic material data obtained
from measurements on comb resonators and buckled beam arrays. I developed a
model to predict the stress of thin film polysilicon layers. Through the experimen-
tal results and analytical calculations, I show that Raman spectroscopy is a viable
method to estimate and monitor residual stress in MEMS. The potential control or
engineering of the residual stress in MEMS structures can be made available through
the combination of Raman spectroscopy to measure the residual stress levels and by

performing one or more post-processing techniques.

From the results of my research, MEMS designers now have a new tool wherein
they can design MEMS structures having an internal layer stress rather than design-
ing the MEMS devices to compensate for stresses inherent in the fabrication process.
This added control should increase device yield, reliability and functionality. But
more importantly, the stress monitoring and control is essential as nano-MEMS

structures become increasingly prevalent.

1.6 Dissertation Organization

The remainder of this dissertation is divided into 8 chapters. In Chapter II,
I provide an overview of the MEMS foundry fabrication processes used to procure
MEMS test devices for this research. Also, the modelling programs used to determine
stress and dopant concentrations are described. In Chapter III, I discuss the exper-

imental gRaman spectroscopy systems that I used for characterization techniques.
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The causes of residual stress and stress gradients in thin film materials is presented
in Chapter IV. Also in Chapter IV, I present foundry fabricated residual stress pro-
files obtained from my pRaman spectroscopy measurements. In Chapter V and VI,
[ present the results of the post-processing experiments to include anneals (Chap-
ter V) and anneal/doping (Chapter VI) studies. In Chapter VIII, an introductory
assessment of stress in I1I-V crystalline MEMS is presented. These are the first ever
pRaman measurements of MEMS fixed-fixed beams fabricated in GaAs. Finally, I

present my conclusions and recommendations for future research in Chapter IX.
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II. MEMS Modelling and Foundry Fabrication Processes
2.1 Chapter Overview

In this research, I used MEMS die from two different polysilicon foundry fab-
rication processes. The foundry fabrication processes used are: 1) the Multi-User
MEMS Process (MUMPs®) and 2) the Sandia Ultra-planar Multi-level MEMS Tech-
nology (SUM MiTTM) process. The MUMPs® foundry was selected to supply the
silicon MEMS used in this research since this foundry provides a fast and predictable
turn-around time and the cost is lower (~ $3k vs. $10k) than MEMS made at the
SUMMITT™ foundry. Therefore, most of the devices presented and investigated
throughout this dissertation are MEMS structures fabricated in the MUMPs® pro-

Cess.

I use two separate modelling and simulation software packages called Coventor-
ware (MEMCAD) and TSUPREM™ . These packages are used to model MEMS
structures fabricated in the MUMPs® process to provide insight into both foundry
fabrication characteristics and the post-processing techniques used for residual stress
relaxation assessment. T'SUPREM™ is a microelectronics fabrication simulation
tool developed at Stanford University [1] and MEMCAD, developed by Microcosm,
Inc. is a finite element method (FEM) modelling tool used to simulate MEMS struc-
tures [2].

In this chapter, I briefly address both the MUMPs® and SUM MiT™ foundry
fabrication processes. In addition, both modelling and simulation packages are used
to model several different MEMS devices. 1 use TSUPREM™ simulations to show
peak dopant concentration locations within the MUMPs® structural layers. MEM-

CAD FEM models provide images illustrating residual and peak stress levels in

MEMS devices.
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2.2 Multi-User MEMS Process (MUMPs®)

The MUMPs® process was developed by the Microelectronics Center of North
Carolina (MCNC), under a DARPA funded program. MUMPs® is a typical polysil-
icon surface micromachining process [3]. The process includes a nitride layer, a
polysilicon ground (plane) layer, two structural polysilicon layers, two sacrificial
phosphosilicate glass (PSG) oxide layers, and one metal layer used for electrical
connections. Figure 2.1 is a cross sectional view showing the seven layers of the

MUMPs® process.

Metal (0.5 pm)

Poly2 (1.5 pm)%
Oxide2 (0.75 pm)

Poly1 (2.0 um) ﬂ .
Oxidel (2 pum) —

PolyO (0.5 pm)
SiN (0.6 pmﬁ

Substrate

Figure 2.1:  Illustration of available layers in the MUMPs® Process

2.2.1 MUMPs® Fabrication Process.  The starting substrate for MUMPs®
is a low resistivity (1-2 Q — e¢m) n-doped silicon wafer with a 100 crystal surface
orientation [8]. Before any layers are deposited, the wafer surface is heavily doped
with phosphorus (using POCI3) in a standard diffusion furnace. The highly doped
surface helps reduce and prevent charge buildup during the operation of electrostatic
devices. Phosphorus is an n-type dopant so no junction is formed but the heavy

doping (=~ 10?°atoms/cm?) is sufficient to have an effect on some silicon etchants [5].

The first surface layer deposited is a 600 nm-thick silicon nitride layer by low
pressure chemical vapor deposition (LPCVD). The silicon nitride layer serves as an

electrical isolation layer. Following the nitride deposition, a 0.5 pm-thick LPCVD



polysilicon layer (Poly0) is deposited and patterned using standard photolithography
techniques and reactive ion etching (RIE). The Poly0 layer is an unreleasable layer
and is primarily used for wiring. Over the patterned Poly0 layer, a 2.0 pum-thick
PSG sacrificial layer (Oxidel) is deposited by LPCVD and annealed at 1050°C' for
1-hour in argon. Two different photolithographic steps are applied to the Oxidel
layer. First, a DIMPLE mask is used to define and etch 0.75 um deep holes in the
oxide. These holes are later filled during the Polyl deposition and create dimples
which serve to hold fully released polysilicon structures off the substrate. The dim-
ples help reduce the surface contact area between the Polyl and surface layers to
help mitigate “stiction” effects. Dimples also provide a stop mechanism for fully de-
flected electrostatic devices to allow the devices to return to their rest position after
the applied voltage is removed. The second photolithographic step provides anchor
holes (ANCHORI1) entirely through the Oxidel layer for attaching Polyl structures

to either the nitride or the Poly0 layers.

Following the ANCHORI patterning and RIE etching, the first structural layer
is deposited by LPCVD. The entire wafer surface is blanketed with a 2.0 um thick
polysilicon layer (Polyl). A 200 nm-thick layer of PSG is then deposited over the
Polyl layer and the wafer is annealed at 1050C for 1-hour. The anneal dopes the
polysilicon (via diffusion) with phosphorus from the PSG layers surrounding the
Poly1l structural layer. The anneal also reduces the intrinsic stress in the Polyl
layer. The Polyl layer is then photolithographically patterned and selected Polyl
material is removed by RIE. After the patterning of Poly1, the wafer is blanketed with
a 0.75 pum-thick PSG sacrificial oxide layer (Oxide2) and annealed. Two separate
photolithographic steps and etches are used to define holes in the Oxide2 layer.
The Polyl1-Poly2-Via (P1P2Via) etch provides etch holes between the two structural
layers (Polyl and Poly2). This provides a mechanical and electrical connection
between the Polyl and Poly2 layers. The anchoring of Poly2 structures to the nitride
or Poly0 layers is accomplished using the ANCHOR2 etch. The ANCHOR2 etches
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both Oxidel and Oxide2 simultaneously; thus eliminating any misalignment between

etched holes.

A second polysilicon structural layer (Poly2) 1.5 pm-thick is deposited and
patterned in the same manner as the Polyl layer. A 200 nm-thick layer of PSG
is deposited over the Poly2 layer and the wafer is again annealed for one hour at
1050 °C'. The high temperature (1050 °C') anneals are used to relieve stress and drive
the phosphorus from the oxide layers into the polysilicon structural layers which also
increases the conductivity of the polysilicon layers. The thin 200 nm-thick PSG
layer is removed and a 0.5 pm-thick gold metallization layer with an ~ 100 nm-
thick chrome adhesion layer is deposited [8]. The metal layer provides for probing,
bonding, and electrical routing. The metal is deposited and patterned using lift-off.

Metal can be reliably deposited only on top of the Poly2 layer [3].

As discussed, the MUMPs® fabrication process is very similar to standard in-
tegrated circuit (IC) fabrication with the notable exceptions of layer thicknesses and
the associated high temperature anneals. After fabrication, a release etch is used to
remove the sacrificial oxide layers (Oxidel and Oxide2) freeing the structural polysil-
icon layers (Polyl and Poly2). The MUMPs® devices are generally shipped before
the release etch and are covered with a protective layer of photoresist. The typical
release etch is performed by immersing the die in a bath of room temperature 49%
hydrofluoric acid (HF') for 2-3 minutes. This is followed by two rinses in methanol to
remove the HF and reduce stiction followed by a rapid dry. See Appendix A for the
complete MEMS release procedure with and without the use of a supercritical C O,

dryer. Figure 2.2 illustrates both an example pre and post-released MEMS device.

2.2.2 MUMPs® Buffered Ozide Etch.  Midway through my research period,
the MUMPs® foundry fabrication process was changed slightly following the met-
allization step. In an attempt to reduce “stringers” (small metal threads resulting

from slight misalignment of lithographic masks, occasionally shorting neighboring
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Figure 2.2:  MUMPs® pre and post release images of a MEMS micromotor struc-
ture. (a) unreleased and (b) released.

contact pads), the foundry added a buffered oxide etch following metallization. The
buffered oxide etch (BOE) consists of a 10:1 volume ratio of deionized water (DIW)
and HF buffered with ammonia [7]. This wet etch undercuts the Poly2 structural
layer by approximately 5,000-6,000 A and the Polyl structures by approximately
2,000-3,000 A [8]. Figure 2.3 illustrates the effects on the Polyl structural layer as a
result of the buffered oxide etch. As illustrated in Figure 2.3, prior to etching with
BOE, Poly1 structures were completely covered by the Oxide2 sacrificial layer. If not
covered by metal, both the Polyl and Poly2 structural layers are exposed following
removal of the protective photoresist layer used for shipping. The exposed Polyl is

more susceptible to damage during any post-processing experiments. Additionally,

2-5



Vertical dlfquI on

Lateral diffusion {( Lateral diffusion
Polyl
Oxidel &
Oxide 2

Vertical dlfoSI on

Nitride

Substrate

<4=mm Denotes phosphorous diffusion

(a)

Polyl
Str(ij ngertEtch Stringer Etch
undercu d t
\/ / undercu
Oxide 1
Nitride
Substrate

(b)

Figure 2.3:  Schematic side-view of a Polyl beam before and after the buffered
oxide etch. (a) before the etch, and (b) after the etch

narrow and thus fragile polysilicon structures (< 2.0 pm-wide Poly2 and < 4.0 pm-
wide Poly1-Poly2 stacked) may inadvertently be damaged before the post-processing
can be performed. Following the BOE step, the die are covered with a protective
photoresist layer and shipped to the customer. The foundry began performing the
buffered oxide etch step with MUMPs® run #41 (14 Jan 01).

As can be observed in Figure 2.4, the buffered oxide etch essentially releases,
removes, or severely damages Poly2 structures less than 2 pm-wide (or <4.0 pm-

wide for Polyl-Poly2 stacked structures). Due to this added etch, the MUMPs®
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design rules outlined in the MUMPs® handbook [3] need to be adhered to for small
width structures using Poly2 or Poly1-Poly2 stacked structural layers. The minimum
feature widths for Poly2 and Poly1-Poly2 stacked outlined in the MUMPs® design
handbook are 2 pm-wide and 4.0 um-wide respectively [8]. Polyl structures of

1 pm-wide are possible but are usually damaged if released.

E Beam Spot Magn Det e = s ] E Beam Spot Magn Det WIN
500kv 30 6500x SE2 16 500kV 3.0 6500x SE2 16

E Beam Spot Magn Det WD
500kv 30 6500x SE2 169

()

Figure 2.4: SEM images of Poly2 fixed-fixed beams following the buffered etch.
a) 1 pm-wide, b) 1.5 um-wide, and ¢) 2 pm-wide

A test array of Polyl, Poly2, and Polyl-Poly2 stacked fixed-fixed beams (see
Figure 2.5) were used to assess the effects of the buffered oxide etch for all remaining

MUMPs® runs (#43 to #45) that I used during my research period. The beam
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widths for the structural layers in my test array include: Polyl - less than 4.0 um-
wide, Poly2 - less than 6.0 um-wide, and stacked Polyl-Poly2 - less than 10.0 pum-
wide. I monitored several die during my research period and most of the Poly2
beams that were less than 2 pm-wide were missing or significantly damaged (due to
the foundry’s new BOE step). The stacked Polyl-Poly2 structural layer is the most
susceptible to damage with the addition of the BOE etch. Structures with widths less
than 6 pm-wide are often found seriously damaged or completely removed following

this etch.

|2 | ] )
E Beam Spot Magn Det WD ———— 200um

b00kY 30 100% SEZ 168 MUMPS 41

: | 1

Figure 2.5:  SEM image of buffered etch test array.

In addition, periodically dark black spots were noticed on the die following
the protective photoresist removal. The spots may be due to silicon dust from the
subdicing [7]. To alleviate or reduce the frequency of the black spots, I performed an
aggressive agitation for the first few minutes in acetone on the die. Another possible

cause is residual photoresist remaining following the acetone dip. To minimize this
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possibility, I soaked the die in acetone for a minimum of 30 minutes. This is the same
type of photoresist the MUMPs® foundry has been using since 1997 [7]. Following
the above two procedures, the frequency of the black spots significantly reduced

following the photoresist removal.

2.8 Sandia Ultra-planar Multi-level MEMS Technology

The Sandia Ultra-planar Multi-level MEMS Technology (SU M MiTT*) polysil-
icon surface micromachining process developed by Sandia National Laboratories [9]
is similar in many respects to MUMPs®. The critical difference is the addition of
a chemical mechanical polishing (CMP) step just prior to deposition of the third
polysilicon (MMPOLY3) layer [5]. Another key difference is the method of phospho-
rous doping of the structural polysilicon layers. In the SUMMiT*™ process, the
structural polysilicon layers are doped as they are deposited. This method of doping
creates a uniform doping concentration within the polysilicon layer. This combined
with optimal annealing results in structural layers which are nearly stress free with

minimal stress gradients.

2.3.1 Fabrication Process. Sandia’s SUMMiT™ process begins with
6-inch n-doped < 100 >-oriented silicon wafers with a starting resistivity of 2 —
20 Q — e¢m. A silicon dioxide (Oxide) layer 0.6 pm-thick followed by a 0.8 pm-
thick silicon nitride layer make up the electrical isolation layers. The next layer
is a non-releasable polysilicon (MMPOLYO0) layer that is 0.3 pm-thick and is used
for ground planes and wiring. The first sacrificial oxide layer (SACOX1) is 2 pm-
thick. The next layer is MMPOLY1 and is 1.0 gm-thick. The MMPOLY1 layer
is followed by SACOX2, a thin 0.5 pm-thick sacrificial oxide which is followed by
a 1.5 um-thick polysilicon layer (MMPOLY?2). The first releasable polysilicon layer
(MMPOLY1), and second releasable polysilicon layer (MMPOLY?2) can form a single
polysilicon layer that is 2.5 pm-thick [5]. The combination of the MMPOLY1 and
MMPOLY?2 structural layers is similar to the MUMPs® Polyl layer. The next
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layer is the third deposited sacrificial oxide layer (SACOX3) and is initially 5.6 pm-
thick. Before the final polysilicon structural layer (MMPOLY3) is deposited onto the
SACOX3 layer, the wafers are planarized by chemical mechanical polishing (CMP).
The third deposited sacrificial oxide layer (SACOX3) is polished to a final thickness
of approximately 1.5 to 2 um above the highest polysilicon structure. After the
patterning and etching of the planarized SACOX3, the final polysilicon structural
layer (MMPOLY3, 2.0 pm thick) is deposited.

The sacrificial oxides used in the SUM MiTT™ process are very hard (resis-
tant to etching), and require a significantly longer hydrofluoric (HF) acid etch period
(sometimes up to 1 hour) [5]. A noted difference in the SUM MiT™ process verses
MUMPs® is the absence of metallization in the SUM MiT*™™ process. Thus, post
foundry metallization if desired must be performed after the die are received. Fig-
ure 2.6 illustrates all the structural and sacrificial layers available in the SUM MiT ™™

fabrication process.

MMPOLY3 (2 pm)

SACOX3 (1.5-2 pm, CMP)

MMPOLY1+2 (2.5 pm) T

SACOX1 (2 pm)

MMPOLYO (0.3 um) I . . I
SiN (0.8 um)

Oxide (0.6 pm)
Substrate

Figure 2.6:  Illustration of available layers in the SUM MiT™™ process [6]

2.4 Multi User Silicon Carbide (MUSiC) Process

The Multi User Silicon Carbide (MUSIC) foundry fabrication process [10] is
modeled after the MUMPs® process. In addition to employing polycrystalline silicon
carbide as the structural material, the primary difference between the MUSIC and

the MUMPs® processes is that the MUSiIC process maintains a planar surface profile
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up to the metal deposition through extensive use of CMP. Since the MEMS structures
are constructed in a layer by layer process, the ANCHOR2 mask is not used in the
MUSIC process. The first run of the MUSIC foundry was scheduled for Dec 01. T was
invited to participate so I designed sets of buckled beam arrays for both structural
layers (SiC-2 and SiC-3), cantilever arrays, several different micromirror designs,
thermal actuators, and several different fixed-fixed beam test arrays to be used for
possible UV pRaman spectroscopy. The MEMS designs I submitted are provided in
Appendix B. The available layers in the MUSIC process is illustrated in Figure 2.7.

I was not able to test my MUSIC devices prior to completing this dissertation.

Ni (0.75 um)

SC-3(1.5um)—,
LTO ( .75‘fmr2)\b
PolySi (2.0 pm)
SIC-2 (2.0 um)—>
LTO (2.0 pm)——t
SIC-1 (2.0 um)—
SiC-0 (0.5 pm)—¢=
SIN (0.6 pm)—]
Silicon Substrate—»,

.

/ /A

Figure 2.7:  Ilustration of available layers in the MUSIC process [10]

2.4.1 Fabrication Process. The starting substrate for the MUSIC process
consists of a 1-10 {2 — cm resistivity, p-doped, silicon wafer. The first layer deposited
is a 600 nm-thick layer of low-stress silicon nitride. The silicon nitride layer serves
as an electrical isolation layer. Following the nitride deposition, a 0.5 pm-thick layer
of low temperature oxide (LTO) is deposited and patterned. A 0.5 pum-thick layer
of SiC film (SiC-0) is deposited on the first patterned LTO layer. The SiC-0 is then
polished down to the first oxide surface. The patterning masks used for this layer

are a combination of mask layer SiC0O and mask layer HOLEQ. The SiC-0 layer is an
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unreleasable layer and primarily used for wiring and actuation. Over the patterned
SiC-0/LTO layer, a 2 pm-thick layer of LTO is deposited and patterned. This is
followed by the deposition of a 2 um-thick layer of SiC (SiC-1). The SiC-1 layer is
again polished down to the second oxide surface. Mask ANCHORI1 provides anchor
holes for attaching SiC-1 structures to either the nitride or SiC-0 layers. A DIMPLE
mask is used to define and etch 0.75 pm-deep holes in the LTO (using BOE). Fol-
lowing the ANCHORI1 and DIMPLE pattering and etching, a 2 um-thick polysilicon
molding layer is deposited and patterned. This is followed by the deposition of a
2 pum-thick layer of SiC (SiC-2). The SiC-2 layer is polished down to the polysilicon
molding layer (this is the first structural layer). For this layer, the created holes and
structural openings are filled with polysilicon. The mask for this layer consists of
the combined mask layer SiC2 and mask layer HOLE2. Next, a 0.75 pm-thick layer
of LTO is deposited and patterned. Mask layer SiC2-SiC3-VIA defines the via con-
nections through the oxide between the SiC2 and SiC3 layers. A 1.5 pum-thick SiC
layer (SiC-3) is then deposited and etched using RIE (this is the second structural
layer). The masks used with the SiC-3 layer include mask layer SiC3 and mask layer
HOLE3. The final layer is a 0.75 pum-thick layer of nickel (Ni) for ohmic contact to
the SiC. The masks used for pattering this layer consists of the combination of mask
layer METAL and mask layer HOLEM. Finally, to release the structural devices, a
three-step release process is required. First the top LTO layer is removed with HF.
Second, the sacrificial polysilicon material is removed using KOH to gain access to
the bottom LTO layer. Third, the underlying LTO is removed using HF. Figure 2.8

provides a series of layouts corresponding to the three step MUSIC release process.

2.5 TSUPREM™ Modelling

In the MUMPs® fabrication process, the doping of the polysilicon layers is
accomplished through thermal diffusion of the phosphorus dopant from the PSG

(oxide) layers to the surrounding polysilicon layers [8]. For structures with a large
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Figure 2.8:  Illustration of the three step MUSIC release process [10]

width to thickness ratio w/¢, the majority of the doping is achieved through the
diffusion of the phosphorus dopant from the oxide layers directly above and below the
polysilicon structural layer (vertical diffusion). However, for polysilicon structures for
which the width is comparable to the thickness, the diffusion of phosphorus through
the sidewalls (lateral diffusion) becomes significant and can impact the overall doping
concentration. Figure 2.3-(a) illustrates the diffusion methods available to the Polyl

structural layer.

I used TSUPREM™ to model the MUMPs® fabrication process to illus-

trate this diffusion process and to identify peak dopant concentration levels within

2-13



the polysilicon structural layers. I also used TSUPREMT™ to model the post-
processing high temperature anneals, phosphorous diffusion, and phosphorous ion

implants.

2.5.1 TSUPREM™ Model of MUMPs® Fabrication Process. To verify
the lateral diffusion theory and overall doping concentrations, I used TSUPREM ™
to model the MUMPs® fabrication process. I designed a series of microbridge test
arrays of varying lengths and widths to gather quantitative pRaman stress data.
These microbridges are analyzed using pRaman spectroscopy in Chapter V. With
pRaman spectroscopy, I measure the differences in residual stress for the micro-
bridges due to nonuniformities. I correlate the stress to the dopant concentration by

modelling the phosphorous diffusion doping process of the microbridges.

The TSUPREM™ model of the MUMPs® fabrication process was based on
the fabrication outline provided by JDS Uniphase [8] and by Butler [4]. An example
TSUPREM™ input file is provided in Appendix C for further reference. Not
all MUMPs® fabrication steps are modelled since my main goal is to investigate
the phosphorus diffusion profile for both Polyl and Poly2 structural layers as a
function of the microbridge width (2-20 pm-widths). Hence, only the processing
steps which affect the phosphorus diffusion profile are included in the TSUPREM™
modelling. I add several additional steps to the MUMPs® fabrication process to
provide insight into the post-processing techniques addressed in Chapter V and VI.
Table 2.1 lists the steps in the MUMPs® as fabrication process as I modelled them
using TSUPREM™

Figure 2.9 and 2.10 illustrate the phosphorous dopant concentration variations
within the polysilicon structural layers for (from top-to-bottom) 4, 10, and 20 pum-
wide Polyl and Poly2 beams as modelled in TSUPREM™ . The color legend in
Figure 2.9 and 2.10 provide the magnitude of the phosphorous dopant concentration
for a particular location in the beams. The TSUPREM™ simulations for Polyl
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Table 2.1:  MUMPs® Fabrication Process as Modelled in TSUPREM™™ [4,§]

Process Step Thickness | Phosphorus Doping Conc. | Temp
(pm) (em™) (°C)
1. P-doped silicon substrate - 12102 -
2. Deposit Nitride 0.6 - -
3. Deposit Poly0 0.5 - -
4. Pattern Poly0 with RIE - - -
5. Deposit Oxidel 2.0 4.2010% -
6. First Anneal (1 hour) - - 1050
7. Deposit Polyl 2.0 - -
8. Deposit Oxide cap 0.2 4.2210% -
9. Second Anneal (1 hour) - - 1050
10. Pattern Polyl with RIE - - -
11. Deposit Oxide2 0.75 4.2210%° -
12. Third Anneal (1 hour) - - 1050
13. Deposit Poly2 1.5 - -
14. Deposit Oxide cap 0.2 4.2210%° -
15. Fourth Anneal (1 hour) - - 1050
16. Pattern Poly2 with RIE - - -

(Figure 2.9) demonstrate that lateral diffusion is a key contributor in obtaining a
uniform doping concentration in small linewidth Poly1 structures. From Figure 2.9,
one can identify the overall dopant uniformity and increased dopant concentration
in the narrower 4 um-wide beam. For the 20 pum-wide beam, the highest dopant
concentration is near the outer edges of the beam indicating lateral phosphorus
diffusion. As the beam width increases, the impact of lateral diffusion becomes less

significant.

The TSUPREM™ simulation for the Poly2 beam shown in Figure 2.10 shows
no lateral diffusion. This image illustrates that the dopant concentration is nonuni-
form throughout the beam structures and is independent of the beam width. In the
MUMPs® fabrication process, Poly2 structures undergo a single anneal which adds

to the observed nonuniformity of the phosphorus dopant in Figure 2.10.
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Figure 2.9: TSUPREM™ diffusion profiles of the MUMPs® Polyl structural
layer at the completion of the MUMPs® run. Beam cross-sections for
widths of 4 pm, 10 pm, and 20 pm. Note lateral dimensions not to
scale.

From Figure 2.9 and 2.10, a definite phosphorous nonuniformity in the dopant
concentrations exist in both layers. This nonuniformity leads to increased stress gra-
dients and higher residual stress levels. I provide additional TSUPREM™ mod-
elling data and analysis in Chapter V and VI. 1 show that I can obtain an increased
dopant uniformity and dopant concentration in the Poly1 and Poly2 structural layers
by taking the as-grown MUMPs® die and performing additional high temperature

anneals and dopant diffusion.
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Figure 2.10: TSUPREM™ diffusion profiles of the MUMPs® Poly2 structural
layer at the completion of the MUMPs® run. Beam cross-sections for
widths of 4 pm, 10 wm, and 20 pm. Note lateral dimensions not to
scale.

2.6 MEMCAD FEM Modelling

I used the MEMCAD FEM software package [2] to characterize the stress in
microbridges and micromirrors. MEMCAD provides 2D and 3D stress images. 1|
compare this theoretical stress to the stress profiles I obtain using pRaman spec-
troscopy. In this section, I briefly address the primary elements which make up
MEMCAD and present example stress and displacement results for several differ-
ent MEMS structures including a microbridge, several different micromirrors, and a

thermal actuator.
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2.6.1 MEMCAD Elements. MEMCAD is an integrated suite of tools de-
signed to help model MEMS designs. The tools enable one to design, specify, model,
and create solutions for MEMS structures. The calculated results can be analyzed,
graphed, and iterated to assist in completing the design process. Some of the avail-

able software processes used in MEMCAD include [2]:

e Catapult - generates a 2D layout of the MEMS design

e Process emulation - enables specific fabrication processes to be selected for

simulation of the MEMS structures
e Autobuilder - generates a 3D solid model from the 2D masks
e Automesher - Performs the finite element meshing
e Solver Setup - electrical, mechanical, thermal, and/or fluidic solvers

e MemCap - Provides an electrostatic simulation to calculate all capacitance

values between structural layers

e MemMech - Provides a mechanical simulation for initial results without elec-

trostatic actuation

e CoSolve - Coupled electromechanical simulation - uses the electrostatic results

from MemCap for the mechanical simulations

2.6.2 MEMCAD Components. Functionally, MEMCAD is divided into
three major components which are illustrated in Figure 2.11. Each component is

explained briefly in the next subsections.

2.6.2.1 MEMS Designer. MEMS designs can be created in a variety
of ways. An integrated 2D layout editor (Catapult) supports comprehensive drawing

and viewing for any design. Also, designs can be created with an independent layout

tool (L-edit) and imported into MEMCAD in either CIF or GDSII format.
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Figure 2.11:  Schematic Overview of MEMCAD |[2]

Once the mask layers are defined, the process editor creates a flow simulating
the foundry process that will fabricate the MEMS design. Materials, mask dimen-
sions, and etch profiles are entered into the process flow using a sequence of deposits
and etch steps. Materials identified in the process flow are entered into the mate-
rial property database, which stores the parameters needed to fully characterize the

materials selected.
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The completed mask/process description sequence is converted into a 3D model
through AutoBuilder. An example of a 3D micromirror model as displayed in the

visualizer is shown in Figure 2.12.

No anchors
model ed

Figure 2.12:  Schematic of a 3D MEMS Polyl micromirror.

2.6.2.2 Design Kit. The design kit contains most of the functions
used to generate the 2D model of the MEMS design. Since I used L-Edit to layout
my MEMS designs, I used the design kit only to open the imported GDSII layout
and convert it to a catapult file for MEMCAD analysis.

2.6.2.3 Solvers.  This is by far the most important component in the
MEMCAD software package. This component involves setting up boundary condi-
tions and choosing one or more solvers to perform the desired analysis. AutoMesher
is used for automatic partitioning and meshing of the solid model for finite element
analysis. The solvers form the heart of MEMCAD and they include electrostatic, me-
chanical, thermal, fluidic, and coupled solution components. The MEMCAD solvers
allow several different types of solutions to be computed. Some possible solutions

include [2]:
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e Capacitance and charge calculations
e Coupled electromechanical solutions

e Coupled electromechanical solutions with automatic pull-in analysis and hys-

teresis
e Solutions using full contact boundary conditions
e Solutions using applied stress gradients
e Thermal steady-state and thermal transient solutions
e Thermomechanical and thermoelectromechanical solutions

The completed solutions can be viewed using the MEMCAD Visualizer. The
Visualizer maps a color-coded solution onto the rendered 3D model to allow users
to view the different types of stresses, thermal variations, temperature gradients,

pressures, current density, electrostatic fields, and mechanical deformations [2].

2.6.3 MEMS Stress Modelling. In an attempt to quantify the residual
stress profiles obtained from pgRaman spectroscopy, I used MEMCAD to obtain
FEM stress profiles for comparison. The magnitude and curvature are compared for

both methods to verify that proper stress profiles are observed.

Prior to MEMCAD analysis, the selected MEMS device is redrawn in L-edit to
simplify the modelling. For example, in Figure 2.13, some parts of the micromirror
design are not required in the FEM model (i.e. anchors, Poly0 under the flexures,
dimples, etc.). These parts have negligible affects on the stress results. By splitting
up the mirror into sections, I can finely mesh the parts of true interest (flexures)
and coarsely mesh other parts (electrode and mirror surface). This helps me obtain

smaller mesh counts which speeds up the simulation.

2.6.4 Polyl Microbridge Simulation. I modelled several Polyl and Poly2

electrostatically actuated microbridges to determine internal stresses and relative
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Figure 2.13:  Micromirror conversion to enhance MEMCAD modelling

snap-down voltages. The 40 pm-wide by 100 pm-long electrode is located under
the center of the bridge. The microbridge length and width are 380 pum-long and
20 pm-wide respectively. The stress images for this microbridge are illustrated in
Figure 2.14, where each image represents a stress value for a specific applied voltage.
The images represent stress with the following applied voltage: a) 0 V; b) 10 V;
¢) 20 V;d) 40 V; e) 50 V; and f) 56 V (snap-down). The MISES (MISES is equivalent
to MPa) color stress scale located at the bottom of Figure 2.14 corresponds to the
coloration of the beam images indicating the magnitude of the localized stress on
the microbridge. At snap-down, the localized stress at the anchored ends and in the

center of the microbridge is approximately -45 MPa.
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Figure 2.14: MEMCAD 3D stress images for a Polyl microbridge.

The displacement verses applied voltage for a Polyl microbridge is shown in
Figure 2.15. The displacement images in Figure 2.15 correlate exactly to the volt-
age and stress values discussed previously in Figure 2.14. One should note the
displacement at 56 V correlates well with the snap-down value of 1/3 the air gap

(= 0.67 um).

The Poly2 microbridge is identical to the Poly1 microbridge with the exception
of the beam thickness and distance from the Poly0 electrode. Nearly identical stress
and displacement images are obtained with slight differences in snap-down and stress
values. The appreciable differences include: Snap-down voltage is ~ 64 V, and the

maximum stress magnitude is approximately -75 MPa.

2.6.5 Micromirror Simulations . I analyzed several different piston mi-
cromirrors to assess the impact of the micromirror design on the residual and induced

stress curves. A key to modelling MEMS structures, especially micromirrors, is to
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Figure 2.15:  MEMCAD 3D beam displacement vs. applied voltage for a Polyl
Microbridge.

fully use the available symmetry of the device. In MEMCAD, the typical square
piston micromirror can be modelled by considering only a quarter of the mirror as
shown in Figure 2.16. The quarter size significantly reduces the number of mesh
elements required to analyze the mirror. Moreover, it also enables the use of a finer
x-y-z mesh on the flexure (e.g. mesh size of 2 x 2 x 2 um) to obtain a more accurate
stress profile. Alternatively, the mirror can be coarsely meshed (e.g. 20 x 20 x 2 um)
to reduce computation time but accuracy decreases. By using a quarter mirror as the
modelled design, the accuracy of the model becomes nearly identical to the simple
analytical calculation and correlates to the measured snap-down voltage of 13.5 V.
The micromirror modeled is a 200 pum-square Poly1 piston micromirror with flexures

measuring 13 pm-wide by 125 pm-long.

The 3D stress images for a typical micromirror with etch holes (etch holes

viewable in Figure 2.20a)) is shown in Figure 2.17. The associated snap-down for
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Figure 2.16: MEMCAD piston micromirror modelling exploiting device symmetry

this mirror as illustrated is approximately 14.2 V with a maximum peak induced
stress value of ~ -16.63 MPa at the anchors and mirror attachments. The individual
images in Figure 2.17 each represent a stress value for an accompanying applied
voltage as shown from 0 to 14.2 V. Since I analyzed the full micromirror, I increased
the size of the x-y-z mesh elements in the flexures and mirror to be 10 x 10 x 2 um

to reduce the number of elements.

With the emphasis in designing optically favorable micromirrors for optical ap-
plications, I designed and modelled the identical micromirror analyzed in Figure 2.17
with the exception of modified etch access holes. The micromirror with the modified
etch access holes is shown in Figure 2.18 with several stress versus applied voltage
images. The snap-down voltage for this micromirror remained at approximately

14.5 V and the induced stress in the micromirror flexures remained nearly the same.
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Figure 2.17:  MEMCAD 3D stress images for a 200 gm-square Polyl micromirror
with typical etch holes.

The only noticeable area of increased stress occurs at the flexure-to-mirror attach-
ment where the localized stress increased by approximately -13 MPa. Although the
stress increased at the flexure-to-mirror attachment, the stress did not propagate to
the center mirror since the elongated etch holes channelled the stress away from the

center of the micromirror.

The individual images in Figure 2.18 represent: a) foundry fabricated model

with substrate; b) foundry fabricated model without substrate; ¢) 5 V; d) 10 V;
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Figure 2.18:  MEMCAD 3D stress images for a 150 gum-square Polyl micromirror
with modified etch holes.
d) 13.5 V; and e) 14.5 V (snap-down). The meshed element size in the flexures and

mirror were 10 x 10 x 2 um.

The displacement versus applied voltage for the modified Figure 2.18 micromir-
ror is shown in Figure 2.19. Again the displacement images correspond to the applied

voltages and induced stress levels as shown in Figure 2.18.

Figure 2.20 illustrates a comparison of two different MEMS micromirror de-
signs to show stress variations on the micromirror surface. The stress in the center

of the mirror is reduced in the modified micromirror as the L-shape etch holes iso-
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Figure 2.19: MEMCAD 3D displacement vs voltage images for a Polyl micromir-
ror.
late the center of the mirror plate from the flexure-mirror attachment points. This
design provides the best stress reduction at the center of the micromirror. These
micromirror designs were tentatively modeled for possible applications in MEMS
tunable filters or lasers. As can be observed, the primary induced stress levels are
highest at the flexure-mirror attachment. The modified etch hole design should in-
crease the optical flatness of the micromirror due to isolation of the high stress level

at the flexure-mirror attachment.
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Figure 2.20:  (a) MEMCAD images of two Polyl micromirror designs illustrating
localized induced stress magnitudes. (a) typical release etch holes,
and (b) modified etch holes.

Prior to assessing the feasibility of using pRaman spectroscopy to measure
residual stress in unreleased and released MEMS structures, I determine the stress
in the MEMS structures as a function of length (x), width (y), and thickness (z). For
this characterization, I modelled the micromirror flexure to determine the residual
stress variation for beam type structures (micromirror flexures, fixed-fixed beams,
and cantilevers). Figure 2.21 shows the calculated stress levels from MEMCAD for

each stress direction (x, y, and z) on the flexure.

From Figure 2.21, the primary stress component lies along the length (x-
direction) of the structure. The stress variation along the width and thickness of
the flexure are negligible when compared to the x-component. Following further
MEMCAD analysis on cantilevers and fixed-fixed beams, this held true for all beam

type structures where the length is much greater than the width.
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Figure 2.21: x, y, and z-stress components obtained from MEMCAD for a mi-
cromirror flexure. (a) x-component, and (b) y and z-components.

2.6.6 Managed Simulations. A unique component of MEMCAD that pro-
vides valuable analysis for MEMS designers is through the use of managed simula-
tions. Once an analysis of a MEMS device has been completed, device parameters
may be iterated to create a solution set for graphing or additional analysis. The
simulation manager allows the creation of batch run iterations by defining one or
more parameters to be varied during the simulation. Thus, a MEMS model can be
run through a sequence of solver iterations using the simulation manager to vary
model dimensions, material parameters, temperature or voltage values, or a variety
of other boundary conditions without altering the base model. The completed solu-
tion set can be graphed or viewed in the visualizer as an animated sequence of events

to clearly define trends and variations.

This type of modeling can be used to refine the device designs prior to de-
vice fabrication. This type of modeling can clearly aid in obtaining increased device
yields, better design functionality, and proper device operation. The iterative mod-

elling sequences could eliminate the need to design arrays of devices where lengths,
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widths, or other device layout parameters are varied. Significant die space can be
saved by eliminating or simply reducing the number of test structures used within
these arrays. To illustrate the iterative technique, I analyzed a Polyl thermal actu-
ator where I performed the enumeration on the cold-arm of the actuator to obtain
various deflection values with the same applied 5 volts. For each iteration, I length-
ened the cold arm by 50 pum. Figure 2.22 shows the four enumerated Polyl thermal
actuators with a common displacement magnitude scale for all actuators. In Fig-
ure 2.22, the shortest thermal actuator (200 um-long) image is located in the upper
left corner. This is followed by the image in the upper right, then lower left, and
finally lower right. The maximum displacement in the x-direction of the smallest
actuator is approximately 7 pum to the longest with a deflection of over 23 um. From
this simple model, several other enumerations could be performed to include widen-
ing of the hot and cold arms or a variation in the applied voltage to obtain voltage

versus displacement profiles.

L=200 um

hot arm

W

not to scale

Displacement Magnitude (JUM)

\
0.00 5.79 1194 1:4.56 235.14

Figure 2.22:  MEMCAD 3D displacement in the x-direction for an enumerated
Poly1 thermal actuator. Images are not to scale.

2-31



2.7 Summary of Chapter II

In this chapter, I briefly addressed the two foundry fabrication processes used
in this research and for completeness, I also gave an overview of the MUSiC foundry
process for SiC MEMS. I addressed the buffered oxide etch now performed by the
MUMPs® foundry to remove metal stringers. As a result of this etch, I decided to
select slightly wider beam structures (> 6 pm) for my subsequent pRaman spec-
troscopy analysis and post-processing experimentation. I modeled the MUMPs®
fabrication process using TSUPREM™ and presented the results of my dopant
concentration analysis. I conclude that dopant nonuniformity exists in both Polyl
and Poly2 (MUMPs®) structural layers that promotes an increase in residual stress
and stress gradients. I also modeled several different MEMS structures using MEM-
CAD to assess the localized stress characteristics in various beams and flexures.
Several micromirrors were modelled to assess stress propagation from the flexure-to-
mirror attachment to the center of the micromirror. Finally, I performed a MEM-
CAD enumeration on a thermal actuator to demonstrate the added assurance the
MEMS designer could employ prior to device fabrication through the use of a FEM

modeling package.
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III. Raman Spectroscopy on MEMS Structures
3.1  Introduction

Raman spectroscopy may be used as a non-contact method of measuring stresses
at the surface of a crystalline structure. The Raman effect is observed as either the
gain or loss of photon energy as a result of photon scattering from molecules or
crystal lattices. It gives an indication of the lattice vibrational energy in a material
in terms of frequency. As the material is strained, the energy state in the mate-
rial is altered and thus the Raman frequency is different. The spatial resolution of
Raman spectroscopy is on the order of one to a few micrometers [6,27]. Thus this
technique can be used to probe the local non-uniform stress distribution for various
material layers. Presently, Raman spectroscopy is applied in structural chemistry,
biochemistry, biology, medicine, solid-state applications, industrial applications, and
materials science applications. This chapter includes a brief introduction to the his-
tory of Raman spectroscopy followed by descriptions of the instrumentation which
makes up the Raman spectrometer. Raman detection improvements are addressed
in addition to the Raman effect and Raman spectrum assessment. This is followed
by the calculation of uniaxial and biaxial stress from the Raman spectrum. Sev-
eral experimental and analytical tests are presented to characterize the Raman laser
and spectrometer to include measurements of the phonon deformation potentials for
MUMPs® polysilicon structural layers, laser stability, and thermal testing to identify

possible heating from the focused laser beam.

3.2 History of Raman Spectroscopy

Sir C. V. Raman discovered what is now called Raman spectroscopy in the year
1928 [12]. He experimented with sunlight, a telescope, and his eyes which served as
the detector. The instrumentation was crude initially but more sophisticated in-

strumentation was subsequently developed which included light quality holographic
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gratings, improved detectors, and efficient computer treatment of the experimental
data. With the introduction of Fourier transform methods, considerable improve-
ments have been made in Raman spectroscopy. The elimination of fluorescence

makes Raman spectroscopy a very popular analytical technique.

3.3 Raman Instrumentation

Five major components make up commercially available Raman spectrometers.
The primary components include: an excitation source, which is generally a contin-
uous wave (CW) laser; a sample illumination and scattered light collection system;
a sample holder; a monochromator or spectrograph; and a detection system which

consists of a detector, an amplifier, and an output device [12].

3.3.1 FExcitation Sources.  CW lasers such as Ar+, Kr+ and He-Ne are com-
monly used for Raman spectroscopy. More recently pulsed lasers such as Nd:YAG,
and diode lasers have been used for time-resolved and UV resonance Raman spec-

troscopy [12].

3.8.2  Sample Illumination.  Since Raman scattering is inherently weak, the
laser beam must be properly focused onto the sample, and the scattered radiation
efficiently collected. The focusing of the laser beam onto the sample can be readily
achieved because of the small diameter of the laser beam (~1 um). Excitation and
collection from the sample can be accomplished by using several optical configura-
tions, such as the 90 and 180 degrees scattering geometries through polarization [12].
The 180 degrees scattering, or backscattering mode, is achieved by having the laser
beam excitation source normal to the sample surface. The emitted phonons are then

detected through the same optics as the laser beam excitation source.

3.3.8  Monochromator. A monochromator is an instrument that supplies

light of one color or light within a narrow range of wavelengths. Filters (holo-
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graphic notch) are used to block unwanted wavelengths and the 514.5 nm laser beam
(Rayleigh scattering). The filters reduce the unwanted wavelengths by six orders-of-
magnitude. In a single monochromator, extraneous light that bounces around the
spectrometer may overlap the weak Raman scattered light. This is caused mainly
by undiffracted light scattered from the face of the grating. Such stray light can be
reduced considerably by arranging two spectrometers so that the output of one is pu-
rified by the second (double monochromator) [12]. A triple monochromator has even
greater stray light rejection than a double monochromator and allows observation of

Raman bands located very close to the Rayleigh line.

3.3.4  Detection. Since Raman signals are inherently weak, the problems
involved with detection and amplification are severe. Most of the very early work
was done by photographic detection using long exposure times. Furthermore, the
time to develop plates and examine them with a microphotometer rendered Raman
spectroscopy unfit as a routine technique. This situation has changed considerably
since the development of strong laser sources and sensitive detection techniques.
The charge-coupled device (CCD) has been increasingly used in recent years in Ra-
man spectroscopy. A CCD is a device which has the form of a rectangular matrix
with individual light sensitive elements. The elements convert an optical image into
electrical signals or charge pulses. The output of each element can be extracted se-
quentially and stored for further processing. The charge pulse is stored as a number
usually ranging from 0 (no light) to 65,535 (very intense light) [12]. A computer is
used to reconstruct the original image by varying the light intensity for each pixel

on the monitor in the proper order.

3.4 Raman Signal Detection

If the Raman signal captured is weak and the signal-to-noise ratio (SNR) is
poor, there are several options that can be employed to improve the quality of the

data:
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e Increasing the exposure time will allow the CCD array to register more Raman
scattered light and will bring out the signal from the background noise. This
method is recommended if the overall signal captured, including any back-
ground, is low. This method is not recommended if either the Raman peak
or the background level are high. If this method is used in either of these

instances, the CCD array may saturate, revealing no useful data at all.

e Accumulating the spectral data involves capturing identical spectra and co-
adding them together off-chip in the personal computer (PC). This brings any
weak Raman signals out of the background noise, and also reduces the noise

level, when the signal is systematic and the noise is random.

These two options are often used in conjunction when attempting to improve signal
detection quality. Two events which can affect the detection capabilities of the

spectrometer include cosmic ray events and sample fluorescence.

3.4.1 Cosmic Ray FEvents. Cosmic Ray Events (CREs) often give rise
to spurious peaks in the data that appear as very sharp emission lines. They are,
however, totally random in both time of occurrence and position on the detector and
can be correlated to high-energy particle passage through the CCD array causing
generation of electrons, which the CCD interprets as part of the input signal [12].
However, immediate re-collection of the data should yield no such line at the same
place. If a line is still apparent, it is potentially from spectral contamination (from
room light, daylight, or a laser plasma line) or a detector fault (from a hot pixel with

much higher noise than its neighbors) [12].

3.4.2  Fluorescence.  High background noise in Raman spectroscopy is usu-
ally a result of sample fluorescence. Fluorescence is often intrinsic to the material
of a sample and, therefore, unavoidably occurs as a result of using the laser to irra-
diate the sample. Fluorescence is typically not a problem with semiconductors but

it depends on the the signal-to-noise ratio (SNR), sample cleaning, and preparation.
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However, since fluorescence is often very much stronger than the Raman signal, it
is necessary to minimize it in order to obtain the Raman signal. This can often be
achieved by using the confocal mode to acquire data from the part of the sample
most strongly irradiated by the laser [12]. However, if the signal from the fluores-
cence is too high, then the only way to avoid it is to change the excitation laser
wavelength to a wavelength where the sample fluorescence is lower. By minimizing

the fluorescence, an increased SNR can be achieved.

3.5 Phenomenon of Raman Effect

When a beam of monochromatic light is incident on a sample of material, some
of the light is transmitted, some is absorbed, and some is scattered. Most of the
scattered light has the same wavelength as the incident light. A small fraction of
the scattered light, typically about one photon out of 10°, is inelastically scattered
and shifted in wavelength by molecular vibrations and rotations of the molecules in
the sample material [12]. The spectrum of this wavelength-shifted light is called a
Raman spectrum. The intensity of Raman scattered light differs with direction. The
angle between the direction of propagation of light and the Raman scattered light
needs to be specified. Raman scattering is usually measured at 90 or 180 degrees

from the direction of incident light.

The Raman spectrum obtained is unique for each material. When analyzing
a sample containing more than one constituent, a number of peaks are observed
in the Raman spectrum. The Raman peaks are characteristic of a specific type of
molecule. Thus the constituents of a sample can be determined by analyzing the
Raman spectrum and identifying the Raman peaks of a constituent. In Raman
spectroscopy, we are looking at the vibration of the molecular bonds since we are

unable to see atomic species.
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3.6  Raman Spectrum

In pRaman spectroscopy, laser light is focused on the sample through a mi-
croscope to a spot size of ~1 um in diameter. The confocal microscope, can be
adjusted to analyze a surface with a spot size of about 1 um to a few pm [2]. A laser
beam irradiates the sample material and the scattered light, which carries the Ra-
man signals, is collected and directed into a spectrometer to be detected by a CCD
array detector. The spectrometer measures the intensity of the Raman signal as a
function of frequency. When the sample is unstressed, the spectrometer measures
a reference spectrum whose center position is the peak frequency of an unstressed
sample. When the sample material is placed in a stressed state, the Raman spectrum
displays a shift in frequency with respect to the reference spectrum. This frequency

shift is a result of the residual or induced stress in the sample material.

The scattered light consists of two types. The first, called Rayleigh scattering,
is strong and has the same frequency as the incident beam (wg). The other, called
Raman scattering, is very weak (intensity of ~ 107> when compared to the incident
intensity) and has angular frequencies wy & w;,, where w,, is the vibrational frequency
of a phonon [12]. The wy — w,, and wy + w,, lines are called the Stokes and anti-
Stokes lines respectively. Thus, in Raman spectroscopy, one measures the vibrational

frequency (w,,) of molecules as a shift from the incident beam frequency (wy).

The Raman frequency shifts are independent of the frequency of the incident
light. One factor that can influence the apparent Raman peak frequency is instability
of the laser and spectrometer. Focusing changes of the laser on the sample may also
result in a slight shift of the Raman peak obtained from crystalline silicon that
has nothing to do with stress in the silicon material [27]. Another hazard lies in
heating of the sample material by the focused laser beam. When the laser power is
too high, the sample will be heated locally, resulting in a downshift of the Raman
peak. Heating can change the local stress distribution, but can also falsify the

stress results. The frequency of the Raman peak is both stress and temperature
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sensitive. A difference in temperature of 4 °C' induces a silicon-Raman peak shift of
Aw = —0.01 Rem™ (The unit "Rem ™" denotes "relative em™'7; the frequency is
always measured relative to the frequency of the laser light) [27]. A schematic of the
excitation of a molecule resulting in a Raman spectrum is illustrated in Figure 3.1.
Here the incident and Rayleigh scattering frequencies are the same and the Raman

scattering is the frequency of the lattice vibrations.

.....
.......
. .

Incident Laser Beam

Rayleigh Scattering y&
N
Raman Scattering / N

.

. .
. .
........

Figure 3.1:  Schematic of the excitation of a molecule resulting in a Raman spec-
trum

During pRaman spectroscopy testing, the MEMS sample is moved in steps of
about 1 ym and a Raman spectrum is recorded at each step. A beam spot of ~ 1 um
diameter is used and has been verified using photosensitive material. The step size
selected is the minimum resolution obtainable using Raman spectroscopy. This step
size provides a reasonable stress profile for MEMS structures. A Lorentzian and/or

Gaussian function is fitted to the measured Raman and laser peaks at each position
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in order to determine the peak Raman frequency as accurately as possible. The
shift of this frequency from the stress-free value, wg, can be plotted as a function
of the position on the sample where the corresponding spectrum was measured. To
determine the sign and magnitude of the stress that corresponds to wg, a hydrostatic

pressure constant is used as described in Section 3.8.

Raman scattering arises from an inelastic interaction between photons (light of
the incident laser) and phonons (vibrations of the crystal lattice) [27]. The frequency
of the Raman signal, wy, is related to the frequency of the natural lattice vibrations
of the material. For unstressed crystalline silicon, the Raman peak is located at
wo = 520 Rem ™! (triply degenerate) [27]. An example Raman spectrum for silicon
is given in Figure 3.2. Since strain changes the frequency of the lattice vibrations,
it will also shift the Raman frequency. An example Raman frequency shift for a
polysilicon sample is shown in Figure 3.3. I obtain information on the local stress
distribution by mapping the frequency shift, wy, of the Raman peak at different

positions on the sample.

3.6.1 Benefits of Raman Spectroscopy.  There are several benefits to using
Raman spectroscopy to measure the local stress in MEMS devices. The benefits

include the following:

e Raman spectroscopy is a non-destructive and non-intrusive method. The ob-
servability depends on the ability to send photons to the sample and to collect

those that are scattered.
e Samples can be studied in a controlled atmosphere.
e Raman spectroscopy can be easily coupled with other analytical methods.
e [t offers the possibility of in situ stress monitoring.

e The technique is fast and relatively simple.
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Figure 3.2:  Raman Spectrum for bulk silicon using a 514.5 nm Argon ion laser
excitation source.

3.7  Raman Frequency Shift Calculation

Mechanical strain or stress may affect the frequencies of the Raman optical
phonons. For a cubic crystal, there are three independent components that are
represented in the Raman secular equation along the diagonal of the matrix [2].
This equation yields the frequencies for the optical phonons in the presence of strain

for a cubic crystal

My primary research goal is to show that pRaman spectroscopy can be used as
an effective measurement technique to determine local and induced stress values in
MEMS devices. Several papers have shown that yRaman spectroscopy is an effective
measure of mechanical stress in silicon [5,24,25]. To achieve this goal, the focus is
not on the precise value of stress, but rather on demonstrating that the stress profiles

obtained from pRaman spectroscopy are both reasonable and helpful to the MEMS
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Figure 3.3: Example Raman spectral shift for a 2.5 um-thick polysilicon sample
before and after annealing [15].

designer. However, to fully understand the data presented, it is necessary to develop

the relevant theory.

Ganesan [13] was one of the first to show the effects of strain on diamond
structured crystals. The Raman spectra of silicon has one peak at 520 Rem ™!, which
is comprised of three degenerate k& = 0 optical phonon modes. Using the following

secular equation one can solve for the effect of strain on these optical modes:

perr + qlexn + €33) — M 2reqn 2regs
2reqn peaz + q(ess + €11) — Ao 2regs =0
2regs 2reos pess + €11 + €22) — A3

(3.1)

Equation 3.1 is called the Raman Secular Equation. The constants p, ¢, and
r are the optical phonon deformation potentials, and €;; are the strain tensor com-

ponents. Once Equation 3.1 is solved for the eigenvalues ()\,,), it then represents
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solutions to the shift in the Raman peak frequencies. In Equation 3.1, the e;; (unit-
less) are the strain tensor components and the constants p, ¢, and r (units of cm=2)
are measured values for each type of crystal [25]. The difference between the Ra-
man frequency of each phonon mode in the presence of stress, wy,(m=1-3), and in
the absence of stress, wy, can be calculated from the eigenvalues A, (n—1-3) from

Equation 3.1. The eigenvalues represent the frequency shifts [2,25] where
Ap = w2 +wi (em™?) (3.2)

The relation between the Raman frequency of each mode and the components of the

strain tensor is given by [2,25]:

A
Awy = Wy — wo ~ —~ (em™t 3.3
oG (em™) (33)
After solving Equation 3.1 for the eigenvalues, Aw,, then provides a relation
between the Raman frequencies of each of the three modes as a function of the strain.

The modes, in the presence of stress, are described by the corresponding eigenvectors

of the secular equation [26].

The Raman frequency shift (A w,,) depends on crystal symmetry, the polar-
ization directions of the incident and detected light, and the propagation directions
of the incident and detected beams with respect to the crystal axes as well as on
the phonon modes of the crystal [7]. In silicon, there are three Raman optical
phonon modes. In the absence of stress, these modes all have the same wavenumber
wo = 520 Rem™; two are transverse (TO) and one is longitudinal (LO) [7]. In the
presence of stress the frequency of each of these peaks may change. In the backscat-
tered geometry from a (100) silicon surface only the LO mode contributes to the
Raman signal in the unstrained crystal. The presence of lattice strain shifts the
degeneracy of these modes and changes their wavenumbers. The new wavenumbers

are related to the lattice strains €;; by solving the secular equation for the eigenval-
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ues. The coefficients p, ¢, and r are measured by observing the changes in Raman
wavenumber induced by known strains. The three eigenvalues of the secular equation

correspond to the shifts in Raman frequency of the three optical phonon modes.

3.8 Stress Calculation

From the Raman Secular Equation 3.1, under an incident laser, there will be
up to three Raman frequency shifts. The frequency shifts are obtained from the
elements along the diagonal of the matrix. The shifts are a function of the elastic
strains in the cubic crystal, which are uniquely determined from the applied stresses.
The strain components ¢;; (unitless) are related to the stress components o;; (in units
of Pa) by Hooke’s law

{e} = [SH{o} (unitless) (3.4)

where [S] (Pa™') is the elastic compliance matrix for a cubic crystal structure [2,21].

For a cubic material such as silicon, the elastic compliance matrix has the following

form [21]:
(S S S5 0 0 0]
Sig Sz Se3 0 0 0
5] = Siz Sz Sz 0 0 0 (Pa ) (3.5)
0 0 0 Su 0 0
0O 0 0 0 S5 O

0 0 0 0 0 Se

The Raman Secular Equation reduces to a cubic equation for given values
of elastic strain associated with the corresponding stress field. By calculating the
strain tensor components using Hooke’s law, the following stress/strain relations are
obtained: €;; = Si1, €22 = Si2, and €33 = S13. The §;; are the elastic compliance

tensor elements for silicon [2].
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Under the assumption that stress in the sample is uniaxial or biaxial (confined
along one or two axes of the cubic lattice in a cartesian coordinate system), the
relation between Raman shift and stress is simply linear. Although this assumption
is incorrect for many integrated semiconductor devices, it is often used as a first
estimation of the magnitude of the stress in the sample material. In some struc-
tures, a significant rotational or translational stress component exists (i.e., gears,
diaphragms, etc); thus, these components cannot be ignored. The uniaxial or biaxial
assumption was found to be accurate for MEMS beam structures such as cantilevers,

micro-bridges, and piston mirror flexures.

3.8.1 Uniazial Stress Calculation. For uniaxial stress along the [100] x-
direction, the Raman tensors and mode polarization vectors are not changed. The
Raman spectra I obtain is not polarization dependent since were capturing Raman
data from various crystal orientations. I obtain an identical Raman spectra if polar-
ization is used. Thus for back scattering from a (001) crystal surface, only the third
Raman mode is observed. The relation between the frequency shift of this mode and
the stress is given by Equation 3.3 [2,25]. This component will provide the uniaxial
stress value for the material along the x-direction, where Aw; and Aws, correspond-

ing to the phonon modes of the frequency shifts obtained from Equation 3.1, are

given as
Awi = 21 = % (51 +2481) (em™) (3.6)
w1 = 2w = 2w bo11 qo12 cm .
Ai _ .
Nwy = Nwz = = i[(pslg +q(S11 + S12)] (em™) where (i =2,3) (3.7)
2(4)0 2(4)0

Backscatter from a (001) crystalline surface corresponds to the TO phonons which
represent the polarized x- and y-components. With polarization along the z-direction,

this provides the Raman scattering by LLO phonons.
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3.8.2  Biaxial Stress Calculation. In the case of biaxial stress in the x-y

plane, the Raman frequency shifts can be written as [25]:

i _ ,
Awy = Awy = = i[p<511+512>+Q(511+3512>] (em™) where i=1,2 (3.8)
2&)0 2&)0
and
Ny = 22 = T 1pS 4 g(Su + S1)] (em™) (3.9)
w3 = 2w = w0 12 T (o111 12 cm .

In the backscattered plane for polysilicon material, only the Raman scattering
component in the z-direction will be visible. Thus the frequency shift associated
with the z-direction is Aws. From the Aws expressions (Equation 3.7 and 3.9),
compressive uniaxial or biaxial stress results in an increase in the Raman frequency,

while tensile stress causes a decrease.

3.8.83 Phonon Deformation Potential Fxperimental Determination.  To ac-
curately determine the residual stress in the MEMS polysilicon structural layers,
the determination of the phonon deformation potentials is necessary. Theoretical
calculations and experimental Raman investigations on single crystal silicon have
shown that a uniaxial strain along one of the <100> or <111> directions will result
in the splitting of the triplet peak. The Raman spectra of silicon has one peak at
520 Rem ™!, which is comprised of three degenerate k = 0 optical phonon modes.
Due to the uniaxial strain, the triplet peak is split into a singlet (one optical phonon
mode) and a doublet (the remain two optical phonon modes) shifting with strain at
two different rates. If a shear stress is applied, the degeneracy is completely removed
meaning the triplet peak is split into three individual single optical phonon modes.
One of the three single optical phonon modes will not shift with stress while the other
two phonon modes will shift in two different directions. Both applied stress cases re-
sult in an observed increase in the silicon full-width-at-half-maximum (FWHM) spec-

trum under non-polarized Raman measurements. Hydrostatic pressure was found to
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cause a linear shift in the triplet peak position without affecting its degeneracy [3].
The experimentally determined value of the phonon deformation potentials for single

crystal silicon under hydrostatic pressure is [3]

Awy =1.884+0.05 ecm™'/GPa. (3.10)

Based on measurements by Anastassakis and others, the elastic compliance
constants Sii, Sta, Sy for crystalline polysilicon are nearly identical to those for
silicon [3,4,6,14,27]. Thus, when performing Raman spectroscopy on polysilicon
samples, it is common practice to use the cubic crystal equations developed for
silicon. Therefore, I use the cubic crystal equations for silicon to model the Raman
spectral data from the MEMS polysilicon layers to derive the residual stress values

provided in this dissertation.

To determine the phonon deformation potentials for the MUMPs® structural
layers, a set of Polyl and Poly2 cantilevers were fabricated with dimensions of 100-
200 um-wide by approximately 4000 pum-long. The released cantilever structures
were physically removed from the MEMS die and fastened to a plexiglass beam
(plexiglass dimensions: 0.5 cm thick, 1 ecm wide, and approximately 10 cm long) with
commercially available spray on acrylic. A four-point bending test fixture was used to
provide a known uniaxial strain on the MUMPs® Poly1 and Poly2 samples. The test
set-up is depicted in Figure 3.4. The strain gage used in these experiments has a gage
factor of 2.080 + 0.5% with a resistance of 120.0 +0.15% ohms. The strain gage was
cleaned and fastened to the plexiglass bar with M-bond 200 Adhesive (superglue).
Contact leads were soldered to the strain gage and the resistance of the strain gage
was measured using a digital multimeter to be 120.1€Q2. The strain gage was then
connected to a P-3500 strain indicator meter. The P-3500 is a precision instrument
used with resistive strain gages for strain measurements. A zeroing potentiometer on

the P-3500 was used to set the background strain to zero. Once the background strain
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is set to zero, a background Raman spectrum of the polysilicon MEMS cantilever

was taken to identify the initial stress state.

Top View

Plexiglass bar

B o o o -

Strain Gage MEMS Sallmples
\

Strain Gage Contacts

to P-3500

\

Metal rod

4

P R "

Side View

Figure 3.4:

4—Bolt toInduce strain

The four-point bending test fixture. (a) Top view and (b) Side view.

The induced strain tests are performed by creating a known bending moment

strain on the plexiglass beam while monitoring the digital display on the P-3500

strain indicator. From controlled strain induction, the precise wavenumber shifts

obtained using

Raman spectroscopy can be correlated to the induced strain value.

For this experiment, I adjusted the strain on the polysilicon samples in increments

of 100 pe (micro-strain (unitless)) up to 1000 pe while capturing a single Raman

spectrum at each strain level.

Figure 3.2 shows typical Raman spectra used in
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this study. The laser line is used to locally and individually calibrate each Raman

spectrum used in this investigation.

Figure 3.5 shows the measured dependence of the polysilicon peak position on
a uniaxial strain applied along the cantilever beam for polysilicon MEMS structures.
Each spectral point in Figure 3.5 consists of the average of three spectra obtained
from three different samples under test. The error bars in Figure 3.5 represent the
variation in the peak location of the silicon peak. No change in the silicon peak
FWHM was observed. It remained constant at 5.9 £0.15 em™!. It should be noted
that due to the average grain size of 30 nm in the polysilicon MEM structures [16],
the Raman measurements obtained are averaged over a large number of randomly
oriented crystals. Hence, in spite of the fact that the applied global strain is uni-
axial, the observed Raman shift from local crystallites can be expected to simulate
that of hydrostatic pressure. The strain dependence values obtained for Polyl and
Poly2 were 2.19 cm ™! /GPa and 2.61 cm ™! /GPa respectively. It is important to note
that these values are higher than for single crystal silicon value of 1.88 cm ™! /G Pa.
This may be due to local stress concentrations expected in such loading conditions.
Scatter in the data due to averaging over a large number of crystallites can also
contribute to the observed high value. The difference in the strain dependence value
between Polyl and Poly2 is also expected due to differences in structural thickness
and dopant concentration levels in the two cases that would lead to different lo-
cal stress distribution under similar global applied strains. For all stress profiles
reported in this dissertation, the experimentally determined values for polysilicon
strain dependence are used to determine the localized stress in polysilicon MEMS

structures.

3.8.4  Raman Penetration Depth Calculation.  The Raman signal originates
from a volume defined by the wavelength, the diameter of the laser beam, and the
properties of the material under stress [25]. A short laser wavelength gives infor-

mation on the stress closer to the surface since the penetration depth is inversely

3-17



Raman Shift (cm'l)

Figure 3.5:

522.2 [+
Y S S |
522 | ‘ | | ‘ ‘ | |
521.9 |
5218 |

521.7 |

521.6 -

SO S0 D O DR DU B B
-20 O 20 40 60 80 100 120 140
Applied Stress (M Pa)

Frequency shift of the hydrostatic component for an applied uniaxial
stress applied along a 1.5 pm-thick Poly2 cantilever with dimensions
of 200 pm-wide by approximately 4000 pm-long.

dependent on the absorption coefficient of the material [25]. A longer laser wave-

length will increase the penetration depth and this results in the measured stress

being a weighted average over the penetrated volume. The total scattered light

intensity (I;) integrated from the surface to a depth d (nm), is given by

d
I,D
I, = I,D / exp Y dr = —ga (1 —exp2°®) (W/cm?) (3.11)
0

while that from the depth d to infinity is given by

oo IyD
Iy = IyD / exp 2 dy = ;—(exp_%‘d) (W/em?) (3.12)
d «

where Iy (W/cm?), D (em™'), and o (em™!) are the incident light intensity, the

Raman scattering cross section, and the photoabsorption coefficient of silicon [25]. If
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the surface penetration depth, d,,, is given by the depth that satisfies the relationship
I,/(Is + I;) = 0.1 (thus 90% absorbed within d from surface), this depth is then

given by [25]
L _ -0l 23

P 200 20

(em) (3.13)

To obtain stress profiles at different depths within a material, the frequency of the
laser can be adjusted to change the penetration depth. Several different laser wave-
lengths with associated penetration depths are shown in Table 3.1. The penetration

depth for polysilicon is approximately 770 nm for a 514.5 nm laser

Table 3.1:  Absorption coefficient («) and penetration depth (d,) in crystalline sil-
icon for various laser wavelengths () [25]

A(nm) | hr (eV) | 1072 (em™) | d, (nm)
514.5 2.410 14.96 770
488.0 2.541 20.18 570
457.9 2.708 36.43 320

3.9 Raman Spectroscopy Characterization

I performed Raman measurements with a Renishaw model 2000 Raman spec-
trometer equipped with a Leica microscope. The sample material is illuminated with
an Ar+ laser operating at a wavelength of 514.5 nm. The Raman spectrometer col-
lects the scattered Raman radiation which is analyzed with a monochromator and
then collected by a CCD detector. Exact Raman peak positions were determined us-
ing a fitting software package (GRAMS 32) assuming a mixed Gaussian-Lorentzian
peak profile [17]. T used two Renishaw model 2000 Raman spectrometers located at
Wright State University (WSU) and at the Air Force Research Laboratory (AFRL).
Both systems are nearly identical with the system at WSU being slightly newer.
However, both Raman systems are configured, calibrated, and operated in exactly

the same way during experimental testing.
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Several potential conditions exist which can shift the Si-Raman peak including
laser and spectrometer variations, sample heating, and laser focusing. Experimental
and analytical calculations were performed to establish a baseline for Raman test-
ing. I characterized both Raman spectroscopy systems before performing residual
and induced stress analysis testing. Some of the characterization experiments in-
cluded unstressed silicon testing, laser focusing, laser/spectrometer stability tests

and analytical and experimental thermal tests.

3.9.1 Unstressed Silicon Characterization.  Literature values for the Raman
peak of unstressed silicon range from 519-523 Rem™! [5,6,8,26]. This spectral
range variation equates to a stress value of approximately 2.0 GPa. Although most
researchers use 520 Rem ™! as the value for unstressed silicon, I decided to measure my
own value for unstressed silicon since the MEMS samples used in this research have
low stress values (i.e. MPa of stress). Following significant research and experimental
testing into the determination of the correct spectral constant for unstressed silicon,
I found the value to be system dependant. I investigated an undoped electronic grade
silicon wafer which should have minimal residual stress. I took a series of Raman
spectra from the identical electronic grade silicon sample from each of the Raman
systems. With the Raman laser line set to 0 Rem ™!, the Raman system at WSU
provided an optimal value of approximately 521.0 Rem ™! for the electronic grade
silicon test sample. The Raman system at AFRL initially provided an optimal value

of 519.5 Rem ™! for the electronic grade silicon test sample.

The AFRL Raman system was later calibrated by a factory representative
and the silicon peak was remeasured to be 520.5 Rem™! [10]. Raman systems
are commonly calibrated to detect unstressed silicon samples in the range of 520-
521 Rem™' [10]. The Renishaw representative also confirmed that changing the
neutral density filters to assist in reducing the laser power does not affect the overall
calibration of the system [10]. Following the calibration, the white light (camera)

cross-hairs which are used for optical alignment on the sample and the spot location
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of the laser beam were misaligned. This misalignment makes it difficult to estab-
lish the proper Raman scan line on the MEMS structures during Raman spectral
analysis. Thus, I primarily used the Raman spectroscopy system at WSU for my dis-
sertation research with the results presented in Chapters 4-7. For the WSU Raman
system, I used the value of 521 Rem ™! as the unstressed silicon peak frequency and
confirmed this value through initial calibration and setup prior to performing daily
Raman scans. These confirmation measurements ensure the calibration did not drift

and the system is properly initialized.

3.9.2 Laser Focusing.  Focusing changes of the laser on the sample material
may result in a shift of the Si-Raman peak that has nothing to do with stress [27].
In typical Raman spectroscopy, where the sample is a wafer of fabricated electronic
devices, the line or area scans employed by Raman spectroscopy are taken on a
flat surface over the entire scan line or area. When using Raman spectroscopy for
released MEMS structures, I no longer have a flat surface over the complete length
of a cantilever, beam or flexure. This is true especially when the MEMS device is
electrostatically actuated. A MEMS device fabricated using the MUMPs® foundry
process can have a maximum deflection of 2 um for Poly1 structures and 2.75 um for
Poly2 structures. Although the anchors of the structures are in focus, the remaining
beam or flexure should become slightly out of focus as the MEMS structure is pulled

closer to the substrate.

The majority of the Raman scans I performed were on unreleased MEMS
structures. For unreleased structures, the Raman scans are similar to a wafer scan
where the sample layer is a flat surface. For my released beam structures, the scan
lengths are typically 100 um-135 pm-long. Over this length, the beams’ deflection is
minimal and can be assumed to be flat. I periodically observed the spot size of the
laser on the beam during a released and unreleased Raman scan. The spot size and
focus of the laser on the sample remained constant through visual monitoring and

with respect to the polysilicon peak intensity of the Raman spectra. If the intensity
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of the silicon line decreases, the laser may not be focused properly. However, the

intensity of the polysilicon line remained nearly constant over the scan length.

3.9.3  Laser Stability. During all Raman scans, both the silicon and laser
lines are displayed for each Raman spectrum. From a single curve fit file, I am able
to obtain the peak positions for both the laser line and the silicon line. The laser
line is used as the reference point for all Raman spectra. I wrote a Matlab program
to adjust the laser line to zero which corresponds to the frequency of the argon
laser of 514.5 nm. The laser offset that I measured is used as a reference for each
accompanying silicon spectral peak. This reference is used to adjust the location of
the silicon peak prior to a calculation of the associated stress in the sample material.
With the above technique, the location of the silicon peak is always referenced to the
laser line (0 Rem™!'). This technique helps reduce the variations which could occur

due to laser or spectrometer instability.

To verify the laser stability, I conducted two separate experimental tests. The
first test involved a series of 15 repeated Raman scans taken over the same 100 pum-
long by 10 um-wide Polyl fixed-fixed beam. The laser beam was temporarily re-
moved from the sample while the previous Raman spectrum was curve fitted and
spectral maps generated. The off time was equivalent to approximately one minute.
This would help prevent any possible thermal effects from altering the residual stress

profiles.

The laser stability profile for a released Polyl fixed-fixed beam is shown in
Figure 3.6. The variation between all repeated Raman scans for the Polyl beam are
illustrated by the error bars. On average, the residual stress variations (error bars)
are within approximately 80 MPa for all Raman scans. Figure 3.7 shows the residual
stress variation for an unreleased 100 pm-long by 10 pum-wide Poly2 fixed-fixed beam.
The variation for Poly2 beams is also approximately 80 MPa. From both figures,

the stability curves obtained from Raman spectroscopy fall within the residual stress
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variations of approximately 100 MPa. Thus, the drift in the spectrometer does not

vary outside the measurement capabilities.

4.5 | | | | |
0O 20 40 60 80 100 120

Length (um)

Figure 3.6:  Laser stability stress curve for a 100 um-long by 10 pm-wide released
Poly1 fixed-fixed beam measured with the Raman spectroscopy system
at WSU.

The second stability test consists of individual Raman scans of the same Poly2
fixed-fixed beam prior to each Raman test session. This test is used to identify
spectrometer variations over time to ensure the pRaman spectrometer remains within
the established test specifications. The plotted Raman scans shown in Figure 3.8
were obtained over a one year period. Figure 3.8 shows that the overall residual

stress variations remained within approximately 100 MPa.

Although the laser power could not be readily monitored, the laser power was

periodically checked between Raman scans to verify consistent laser power levels.

3-23



=y

it e
|||||||H4||II|!l Y ii' |i!'||‘|||||w| *

[REN
T
|
|
—
_
_—
_
——
E——
H—
—
—
————|
— —
E—— —
— |
= —
e

-1.51

Stress (Pa)

-25=
-3 AT
Anchor Anchor ||
-3.5 | | | | |
0 20 40 60 80 100 120

Length (um)

Figure 3.7:  Laser stability stress curve for a 100 um-long by 10 pm-wide unreleased
Poly2 fixed-fixed beam measured with the Raman spectroscopy system
at WSU.

This test was performed to eliminate possible abnormalities in the Raman spectra

and limit potential thermal heating of the sample.

3.9.4  Analytical Thermal Model. Since the shifts in the Raman spectra
are sensitive to both temperature and stress, I need to analytically determine the
temperature rise of the MEMS fixed-fixed beam due to the laser beam while under
test. One can derive an analytical thermal model based on the various mechanisms
of heat loss in the structure. Figure 3.9 illustrates the possible mechanisms that will

aid in reducing the temperature of the fixed-fixed beam structure [9,19].

As shown in Figure 3.9, four heat loss processes exist for dissipating the

heat build up in the fixed-fixed beam: (1) Hpriqge - heat conduction through the
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Figure 3.8:  Laser stability variations for a Poly2 fixed-fixed beam as measured
with the Raman spectroscopy system at WSU. (Obtained over a one
year period and consists of 87 Raman beam scans)

bridge; (2) Heconduction - heat conduction through the surrounding gas into the sub-
strate; (3) Heonvection - heat loss through convection into the surrounding gas; and
(4) H.adiation - heat loss through thermal radiation [9,19]. During my Raman tests,
no gas flow is used as the fixed-fixed beam under test only has ambient air surround-
ing the structure. However, for future in situ tests, the MEMS structures could be

placed in annealing test fixtures where Ny or argon gas flows can be used.

An equivalent thermal circuit model can be derived from the heat loss mech-
anisms and is shown in Figure 3.10. The various components of the thermal circuit
model include the following: G}, - the thermal conductance for heat flow through

the beam, G, - the thermal conductance for heat flow through the surrounding gas
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Figure 3.9:  Heat loss mechanisms for a polysilicon microbridge [9, 19].

to the substrate, C, - the thermal capacity of the beam, I - represents the power
into the system, T is the temperature of the beam, and T is the substrate tempera-
ture [9,19]. With the use of Raman spectroscopy, I need to eliminate or significantly
reduce the level of heat generation due to the laser. Thus, the thermal radiation
conductance can be omitted and is not shown in the thermal circuit model since this
device will not operate at temperatures high enough to generate substantial thermal

radiation.

The thermal circuit model shown in Figure 3.10 provides a means to estimate
the temperature rise of the fixed-fixed beam due to the Raman laser. Similar thermal
circuit models have been used to model the behavior of lateral thermal actuators and
thermal piston micromirrors [9,11]. The power provided to the system, represented
by the variable [, is the optical power P, not reflected by the beam surface and
given by the following equation [11];

Ib = Po(l - Rbeam) (W> (3'14)
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where Rpeqm is the reflectance of the beam surface. I measured the reflectance of
both Polyl and Poly2 material layers to be approximately 31% at the Raman laser
wavelength of 514.5 nm. The laser power was measured to be 2.4 mW on the surface

of the Polyl and Poly2 fixed-fixed beam samples.

I, CT) Co Gy G,

T, substrate
temperature Vs

T,, beam
temperature

Figure 3.10:  Equivalent thermal test circuit for a fixed-fixed beam [9,11].

The thermal energy deposited on the beam is conducted primarily to the sub-
strate through the polysilicon beam (G,) and at a far reduced level through the
volume of gas directly beneath the beam (G,). Three assumptions are made to
allow for this simplified model: (1) the beam has high thermal conductivity so its
temperature remains fairly uniform; (2) the substrate is an infinite heat sink at
room temperature (fixed at a constant 25°C'); and (3) the heat loss or transfer due

to radiation is negligible.

The values of the components in Figure 3.10 are calculated using the physical
dimensions of the structure and the material properties of polysilicon and the sur-

rounding gas (ambient air). In the thermal model circuit, the equations to determine
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Cy, Gy, and G, are given as [9,19]:

kgm?
Cb = prpwtl ( 83K ) (315)
Nporywt kgm?
= 1
Gy = S (SO (3.16)
F,Ng,wl  kgm?
= 1
Gy = o (PO (317)

where p, is the density of the beam (2.33 x 10* kg/m?), C, is the thermal capac-
ity of the polysilicon beam (7.54 = 10 JK¢g'K™'), and N, (30 W/m-K) and
N,ir(0.02 W/m-K) are the thermal conductivities of the polysilicon and the sur-
rounding gas [19]. F; (unitless) is the shape factor which accounts for the impact
of the shape of the element on the heat-transfer to the gas, and A (um) is the gap
distance between the beam and the substrate [9]. The length, width, and thickness
are represented by [, w, and t respectively. The values used in Equation 3.15, 3.16,
and 3.17 are provided in Table 3.2.

Table 3.2:  Material and Physical Parameters used in the Thermal Equations
Parameter Value Description
h 2.0 ym or 2.75 um Elevation above substrate [1]
Cp 7.54210* JKg 1K1 Heat capacity of polysilicon [23]
Fg 1.6 (Polyl), 1.55 (Poly2) Element shape factor [9]
Noir 2021072 WmK! Thermal conductivity of air
Nypoly 30 Wm™tK™! Thermal conductivity of polysilicon [11,22]
Ty 25 °C substrate temperature

The shape factor F; variable in Equation 3.17 accounts for fringing heat flux
effects which are a function of the shape of the element and its elevation above the
substrate [18,19]. For arbitrary shapes, F; is found by using computationally intense
numerical methods or conformal mapping [19]. However, if a Manhattan (rectangu-

lar) geometry is assumed, the calculation for the shape factor can be accurately and
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simply reduced to the empirical equation [9,18]:
t 2
F, = —(TS +1)+1 (unitless) (3.18)
w

where s is the elevation above the substrate and ¢ and w are the thickness and
width of the element. For Manhattan structures, this equation is accurate to within
five percent of the answer obtained from the numerical method previously used by
Mastrangelo [9,19]. For a typical 2 pm-thick Polyl fixed-fixed beam with dimensions
of 10 um-wide by 100 pum-long gives a shape factor of 1.6 and 1.55 for a 1.5 um-thick
Poly2 beam.

From the thermal circuit model for the polysilicon beam in Figure 3.10, the

temperature rise of the polysilicon beam is
T, = Po(l - Rbeam)Z (K) (319)
where Z is equal to 1/Y, and the value for Y is given by

kg m?
Y =4/Z¢ + C? (33K) (3.20)

where Z; (kgm?/s*K) is the parallel combination of the thermal conductance for heat

flow through the element G, and the thermal conductance for heat flow through the
surrounding gas to the substrate GG,. Thus, the theoretically calculated temperature
rise in a Poly2 beam for a Raman laser power level of 2.40 mW is approximately
1.381°C' and 1.225°C' for a Polyl beam. An increase in the temperature of 4 °C'
results in a -0.01 Rem ™" shift in the Raman spectrum [27]. This shift equates to an
increase in compressive stress of approximately -3.757 MPa. Thus, the theoretical

temperature rise values will induce compressive stress values of approximately -

1.726 MPa and -1.531 MPa respectively.
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I experimented with a second laser-induced temperature rise calculation pre-
sented by Metzger [20] to further assess the thermal heating condition. Metzger’s
assumptions include: 1) the heat loss due to radiation and transport via the gas
phase are neglected; 2) the laser beam profile is assumed Gaussian in intensity; and
3) the surface reflectivity and thermal conductivity are assumed to be independent

of temperature [20]. Metzger’s equation to calculate the temperature rise is [20]

P(1— R)

AT =5k W)

(3.21)

where P(1-R) is the absorbed laser power, R is the power reflectance of the absorbing
surface, w is the 1/e? laser beam radius, and K is the thermal conductivity of the
material [20]. By using the above equation, the temperature rise in the polysilicon
material is calculated to be approximately 0.043°C'. Although the Metzger model
provides a lower temperature rise, this model assumes that the entire structure is
attached to an infinite heat sink. For the MEMS structures that I analyzed, this
is not the case. Thus the first model provides a better measure of the expected

temperature rise during my Raman scans.

Both analytical models estimate a slight temperature rise in the polysilicon
sample. The Poly2 layer has the largest increase in temperature with an estimated
Raman frequency shift of 0.0034 ¢m™! (equivalent to approximately -1.726 MPa
of induced compressive stress). Since the current resolution of the uRaman spec-
troscopy systems at WSU and AFRL are approximately 40 MPa, the thermal effects
are likely to be undetected. Several experimental tests are performed on the critical
buckling beam arrays using the selected 2.40 mW laser power level. These tests
will help assess the thermal affects and/or possible temperature rise of the MEMS

buckling beam structures.

3.9.5 Fxperimental Thermal Tests.  Raman spectroscopy is commonly used

on microelectronic devices to determine ion implant locations and areas of high stress
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within the microelectronic device. When using Raman spectroscopy in the above ap-
plications, thermal heating is minimal since the entire wafer can be considered an
infinite heat sink. However, when using Raman spectroscopy for MEMS applica-
tions, thermal heating can be significant since an infinite heat sink no longer exists
except at the anchor points. Due to the significant difference between the thermal
conductivities of polysilicon (30 W/mK)and air (0.02 W/mK), the primary means
of removing any generated heat will be via the MEMS structural material. Heat dis-
sipation through the air will be minimal when compared to the structural material.
Thus, the primary method of dissipating heat in the beam is via the beam material

to the accompanying anchors.

Using the neutral density filters located on the spectrometer, the laser power
can be reduced at the sample to eliminate structural heating. There are five possible
neutral density filter positions for the WSU and AFRL Raman systems. The associ-
ated measured power levels are shown in Table 3.3. Both spectrometer systems used
in this research have similar power levels at the MEMS sample when the power con-
trol knob on the AFRL laser is turned completely counterclockwise. This position
corresponds to the lowest possible power level obtainable from the laser. Position #1
in Table 3.3 corresponds to the lowest possible power level of the laser without uti-
lizing a neutral density filter. The laser power was measured using a Newport Model
840 hand-held optical power meter. To determine proper laser power levels for re-
liable and repeatable Raman spectra, several Raman scans were performed at each
neutral density position. The collection on-times of the spectrometer were adjusted
accordingly to permit proper phonon detection. Through these tests, I determined
that the laser power required to obtain reliable and repeatable Raman spectral data
on the polysilicon MEMS structures must be set to approximately 2.4 mW. At this
power level, the signal-to-noise ratio is reasonable and the residual stress profiles
from the Raman scans are repeatable. Lower power levels created unreliable and

inconsistent results.
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Table 3.3:  Measured Raman Laser Power Levels for both Raman Systems.

Neutral Density Filter | Power Level (mW)
1 2.40
#2 1.10
#3 0.42
iy 0.20
#d 0.04

To determine if the selected 2.40 mW laser beam causes thermal heating, sev-
eral experimental tests were performed on both Polyl and Poly2 fixed-fixed beams.
Both structural layers were tested since the thickness of the material layers differ
(Poly1 is 2 um-thick and Poly2 is 1.5 pm-thick). Due to the significant impact heat
generation has on the residual stress level, I performed several tests in an attempt
to determine if the residual stress is increasing due to thermal effects from the se-
lected laser power level. A series of Raman tests were performed on Polyl and Poly2
fixed-fixed beams, (100 pm long by 10 pwm wide) both before and after release. The
thermal tests were performed by placing the laser beam in the center of the beam
(both lengthwise and widthwise) and repeatedly taking a Raman spectrum at a rate
of one spectrum per second. I performed the repeated spectral scans for five minutes
since the beam should reach an elevated steady state temperature well within this
time period. This test should create an increase in the compressive residual stress if
localized heating occurs. This test also helps in determining laser and spectrometer
stability for this time period. Under the assumption that both polysilicon structural
layers in the MUMPs® process have identical thermal conductivities, with similar
structural dimensions, the Poly2 beam will be more susceptible to laser heating due
to its thinner structural layer. Figure 3.11 illustrates the raw and curvefit peak
residual stress level at a single point on a Poly2 beam as a function of time. The

x-axis correlates to a 5-minute scan period (300 Raman spectra).

From Figure 3.11, the stress level remains within 80 MPa over the complete

5-min time frame. The stress value initially decreases for the first minute and then
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Figure 3.11:  Thermal stability test (5-minutes) for repeated Raman scans on a
Poly2 fixed-fixed beam

increases slightly over the remaining 4-minutes to approximately the initial residual
stress value. If the beam was being heated, the residual stress would have increased
initially and continued to increase until a steady state temperature is reached. Since
this did not occur, it appears the beam is not heating up significantly. If I look at the
variations in the stability of the Raman system for a Poly2 beam (Figure 3.7), the
error bars are approximately 80-90 MPa. The thermal stress variation in Figure 3.11
falls within the approximate 100 MPa resolution of the spectrometer. Therefore, I
cannot quantify if the beams are in fact being heated up due to the Raman laser and
thermal heating cannot be confirmed from this test. A Polyl beam was also tested
under identical conditions with similar results. The stability of the spectrometer

appears to be stable over the 5-min time period.

A 5-hour thermal and stability test was performed on the same Poly2 beam

used earlier with the laser beam positioned in nearly the same location as the previous

3-33



test. The Raman scan rate was set to 30 seconds for the 5-hour time period. From
Figure 3.12, the released beam stress profile again remains fairly constant with a
slight increase in compressive stress for most of the time period. The maximum
variation of the residual stress of the released beams is approximately 50-80 MPa.
This again falls within the established error bars for the WSU Raman system and no
thermal heating can be identified from this test. The Raman spectrometer appears

to be stable over this 5-hour time period.
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Figure 3.12:  Thermal stability test (5 hours) for repeated Raman scans on a Poly2
fixed-fixed beam.

Although the analytical solution for the thermal effect of the laser beam on
the MEMS sample appears to be minimal, a series of Raman scans were performed
on released MEMS buckled fixed-fixed beam arrays. Through the use of an interfer-
ometric microscope (IFM), I determined the critical buckling lengths for both the
Polyl and Poly2 fixed-fixed beam arrays. I then performed a Raman scan on the
first unbuckled beam. If the unbuckled beam heats up due to the laser, the beam

will buckle since an increase in temperature results in an increase in the compres-
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sive stress. By using the temperature/stress correlation presented by De Wolf [27],
the measured stress can be determined by using 162 GPa as the measured value
for Young’s modulus for polysilicon. The compressive stress variation between the
two Poly2 beams with lengths of 370 um and 380 pm respectively is approximately -
0.46 MPa (equivalent to a temperature increase of approximately 0.49 °C'). Since the
unbuckled 370 pm beam remained unbuckled (see Figure 3.13), no localized heating
of the beam is present for this laser power level. If the beam would have buckled,

the Raman spectrum would resemble the 380 pm scan as shown in Figure 3.13.
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Figure 3.13:  Thermal stability test on 370 um (unbuckled) and 380 pm (buckled)
Poly2 fixed-fixed beams

Identical Raman tests were performed on 490 pm (unbuckled) and 500 pm (buck-
led) Polyl beams. The variation in compressive stress between these two beams using
an experimentally determined value for Young’s modulus of 131 GPa equates to -

0.285 MPa. No localized heating was observed since the 490 pm unbuckled beam
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remained unbuckled following the Raman scans. Thus, I can conclude that significant

thermal heating does not exist for the laser power level (2.40 mW) that I selected.

3.10  Summary of Chapter II1

In this chapter, I provide a brief background on pRaman spectroscopy and the
instrumentation which encompasses a Raman spectroscopy system. I performed a
complete Raman spectroscopy characterization of my experimental systems to as-
sess reliability, repeatability, thermal effects, and stability. The hydrostatic pressure
constant is determined for both Polyl and Poly2 structural layers from a MUMPs®
test die. These are the first published values for these constants pertaining to the
MUMPs® foundry fabrication process. The hydrostatic pressure constant is equiv-
alent to the combination of the three phonon deformation potential constants (p, g,
and ) used in the Raman secular equation. I used a simple thermal circuit model
to estimate the temperature increase due to the laser beam. This model predicts
a slight temperature rise; however, the increased temperature is unlikely to be de-
tected with the current Raman system due to resolution limitations. In addition, I
performed several experimental tests to assist in the identification of thermal effects
on the Raman spectra. From both the analytical and experimental results, it does
not appear the MEMS fixed-fixed beams in my MEMS test die are being signifi-
cantly heated as a result of the laser used for my Raman measurements. Overall, the
measurement accuracy of the ymRaman systems as stated in Renishaw literature is

approximately 0.1 Rem™!.

This value equates to approximately -38.3 MPa/cm of
stress. From Figure 3.5, the ymRaman resolution can be experimentally determined
through interpolation of the change in stress to the change in the Raman frequency
shift. From Figure 3.5, for an applied stress range from 0-120 MPa, the obtained
Raman frequency shifted by approximately 0.32 Rem™!. This value equates to ap-

proximately 38.4 MPa/cm of stress. Thus, the smallest resolution we can attain is

approximately 40 MPa/cm.
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1V. Stress in MEMS Structures
4.1 Chapter Overview

The properties of low pressure chemical vapor deposition (LPCVD) polysilicon
are known to vary significantly, depending on the exact deposition conditions and
the post-deposition processes. The control of stress in thin films is important in
the processing of micro-electro-mechanical structures. Compressive stress may cause
buckling of clamped freestanding films. Both tensile and compressive stress can
affect the mechanical properties of devices such as the sensitivity of pressure sensors.
Therefore, for both development and process control, it is important to determine

the stress in thin films.

In this chapter, I briefly address some of the sources of residual stress and
the effects this stress has on micro-electro-mechanical systems (MEMS) structures.
Next, I address several quantitative methods to experimentally measure the localized
residual stress and Young’s modulus through on-chip test structures. I chose to use
buckling beam arrays and comb drive resonators to measure the localized residual
stress and Young’s modulus. The buckling beam arrays and comb drive resonators
are common test structures used in MEMS. From these test structures, I determine
the residual stress and Young’s modulus for both Polyl and Poly2 structural layers

made using the MUMPs® foundry process.

Additionally, I characterize the foundry-fabricated residual stress levels in
Poly1, Poly2, and Poly1-Poly2 fixed-fixed beams, cantilevers and piston micromirror
flexures through the use of yuRaman spectroscopy. These are the first-of-their-kind
published measurements using Raman spectroscopy on MUMPs® test structures. 1
generated line stress profiles for each of these MEMS structures to determine the
stress magnitudes along the length of each MEMS structure. Stress maps are gen-
erated for a Polyl fixed-fixed beam, cantilever, and micromirror flexure to illustrate

the localized stress distribution with respect to the length and width of the test
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structures. Finally, I measure the induced stress levels in a piston micromirror flex-
ure during device electrostatic actuation and compare these results to a MEMCAD

finite element model of the stress distribution in the flexures during actuation.

4.2 Sources of Film Stress

A typical polysilicon film used for MEMS devices consists of columnar grains
that grow in a conical form out of a transition layer. The transition layer has small
grains and resides at a polysilicon/silicon nitride interface [21]. This transition layer
causes a high compressive stress. Further away from the underlying layer, the mag-
nitude of the compressive stress decreases. Columnar grains are formed if one crystal
orientation is preferred during film growth [21]. The initial distribution of grain ori-
entations is random, but those grains with their preferred growth orientation parallel
to the film normal dominate over the inclined grains during growth competition [21].
Once the columnar microstructure has been reached, atoms can immediately add to

the fast-growing crystalline planes without inducing any compression.

Another possible origin of compressive stress in thin polysilicon films is im-
purities that are incorporated during deposition. Absorbed oxygen on the surface
of the growing film decreases the surface mobility of the arriving silicon atoms.
This results in a less ordered structure with vacancies and interstitial atoms. Fig-
ure 4.1 illustrates the origin of compressive stress in silicon due to interstitials in
grain boundaries. Atoms in the grain boundaries and interstitials produce a high

compressive stress, while vacancies can absorb a part of the compressive stress.

Stresses can develop in thin films due to mismatched lattice constants, dif-
ferent thermal expansion coefficients between different materials, and as a result of
the growth process [14]. Stress gradients can be induced by variations in the depo-
sition/growth process. Various problems associated with stress include nucleation,
propagation of dislocations, and the formation of voids and cracks [14]. The residual

stress in the thin films may influence dopant diffusion, affect hot carrier degradation,
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Figure 4.1:  Known causes of stress in crystalline silicon. [21]

and jeopardize the oxide reliability. Many of these problems become more acute with

the increasing complexity and miniaturization of the devices.

4.8 Residual Stress

Residual stress and residual stress gradients through the thickness of the polysil-
icon film are critical constraints on microstructure designs. If the average stress is
compressive, micro-bridges will buckle if longer than a critical length. Stress gradi-
ents generate an internal bending moment that causes cantilever beams to warp (up
or down) out-of-plane upon release [13]. As deposited, undoped and non-annealed
polysilicon is under compressive stress, for all deposition temperatures using chem-
ical vapor deposition (CVD) [25]. The main factor that causes this stress is the

grain boundary formation rather than the grain size [25]. The residual stress has a
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significant dependence on the film thickness. The highest compressive stress during
deposition is created in the first 200 nm of film thickness [21]. For thicker films, the
compressive stress starts to decrease. The stress starts to relax significantly if the

film becomes thicker than 350 nm [21].

Doped Polysilicon samples can have either a tensile or compressive residual
stress level following deposition. Polysilicon that is annealed below the deposition
temperature maintains its residual stress. If the polysilicon is annealed above its
deposition temperature (typically 620 °C'), the compressive stress starts to decrease
with increasing temperature. It is not possible to induce tensile stress by anneal-
ing [3]. A structure with many crystal defects can have the resultant stress minimized
through higher annealing temperatures. At higher temperatures, the atoms can rear-
range themselves, thus the number of crystal defects decreases which reduces stress.
The residual stress in polysilicon increasingly relaxes with a higher concentration
of phosphorus. Doping and grain structure are important factors which affect the

intrinsic stress in polycrystalline silicon [15].

4.4 Background Raman Stress Profiles and Characterization

Prior to investigating post-processing techniques, a background study was nec-
essary to determine the residual stress profiles for unreleased and released MEMS
test structures. I performed background Raman scans on fixed-fixed beams (Polyl1,
Poly2, and Polyl-Poly2 stacked), Polyl and Poly2 cantilevers, and Polyl and Poly2
piston micromirror flexures to identify the initial residual stress levels in these un-
released MEMS structures. Following the HF release of the MEMS structures as
outlined in Appendix A, I again took Raman scans for the selected MEMS struc-
tures. I obtained Raman stress maps from each type of MEMS test structure to
identify the stress distribution magnitudes along the length and width of the struc-

tures.
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4.4.1 Analytical Stress Model for a Fized-Fized Beam. Before Raman
stress profiles can be verified, an analytical fixed-fixed beam stress profile was gen-
erated. The analytical solution provides insight into the characteristic freestanding
fixed-fixed beam residual stress profiles measured using Raman spectroscopy. The
analytical model is based on a freestanding fixed-fixed beam with a uniform load

distribution (gravity).

Figure 4.2 shows the analytical diagram used to determine the residual stress
profile for a fixed-fixed beam with a uniform load. The load g is the distributed load
due to gravity. Ry and R, are the resultant forces, and M; and M, are the moments

about the beam [23]. For a released fixed-fixed beam with a uniform distributed

y
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Figure 4.2:  Analytical stress model for a MEMS fixed-fixed beam [24].

load, the residual stress can be calculated by the following equation [23]

o= (Pa) (4.1)

where M(z) is the moment about the beam and is given by [23]

M(z) = %(&x — 622~ > (N/m) (4.2)
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where ¢ (N/m) is the distributed load, [ (um) is the beam length, and z (um) is
a selected position along the length of the beam respectively. For the analytical
stress model calculation plotted in Figure 4.3, 1 stepped the value of z from 0-
100 pm (model beam length). The distributed load ¢ for this beam model is given
by

g=GpA (N/m) (4.3)

where G is the gravitational acceleration on earth (9.8066 m/s?), p is the density
of polysilicon (2.33 z 10® kg/m?) [18], and A is the cross sectional area of the beam
(A = wh where w is the width and A is the thickness of the beam, respectively).

The compressive residual stress along the length of the beam can be considered
a uniform load since this stress will produce a constant uniform applied force within
the material layer (similar to Figure 4.2). The analytical fixed-fixed beam profile
representing a uniform applied force due to gravity is shown in Figure 4.3. Although
the stress due to gravity is 89 orders of magnitude less than what I am able to
measure with ymRaman spectroscopy, the Raman stress profiles presented later for
released fixed-fixed beams clearly resemble the stress profile shown in Figure 4.3 due
to gravity. This model can be applied to all fixed-fixed beams with different lengths

and/or thicknesses when a uniform load is applied.

4.4.2 Fized-Fized Beams. Several different fixed-fixed beam structures
were designed having lengths of 100 pum-long and widths ranging from 1 to 20 pum-
wide. The Raman experimentation for this section is limited to beams with widths of
10 pm-wide. At this width, proper Raman scan alignment is readily obtainable. The
Raman xyz-stage did not have a theta or rotational adjustment. I made the theta
adjustment manually by rotating the MEMS test die positioned on the stage. The
Raman assessment includes taking both background and post release Raman scans
for both structural layers (Polyl and Poly2) along with the Polyl-Poly2 stacked

structural layer. The 100 pm-long by 10 pm-wide fixed-fixed beam arrays are the
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Figure 4.3:  Analytical stress profile of a fixed-fixed beam with a uniform load.

primary test structures used in the annealing and doping residual relaxation assess-
ments outlined in Chapters 4 and 5. The background scans establish a baseline for
the residual stress prior to release. Figure 4.4 illustrates the residual stress pro-
files for the Poly1l, Poly2 and Polyl-Poly2 stacked structural layers available in the
MUMPs® foundry process. Each stress profile consists of the average of three re-
peated Raman scans to help eliminate spectral variations. Also each spectrum is

referenced to the laser line to eliminate possible laser/spectrometer variations.

The residual stress measurements in Figure 4.4 display nearly identical stress
profiles except for the stress magnitudes. This difference is due to the fabrication
procedures (i.e. dopant concentrations and number of anneals performed during fab-

rication) for each structural layer.

Figure 4.5 illustrates several stress images of a 100 um-long by 10 um-wide
Poly1 fixed-fixed beam. The stress images include: Figure 4.5a) the stress map of
the residual stress for the beam with respect to its length and width; Figure 4.5b) the
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Figure 4.4:  Background residual stress profiles for a 100 um-long by 10 um-wide
unreleased and released fixed-fixed beam. (a) Polyl beam, (b) Poly2
beam and (c) Polyl-Poly2 stacked beam.

camera image of the selected stress map area on the beam; Figure 4.5¢) displays the
2D stress profile across the width of the beam; and Figure 4.5d) the 2D stress profile
along the length of the beam. From Figure 4.5¢), it is seen that the stress is nearly

uniform across the width of the beam.

The stress map images shown in Figure 4.5 are generated by capturing a Raman
spectra at each xy-location. For this map, the step size was set to 1 pum in both the
x (length) and y (width) directions. This is equivalent to approximately 960 Raman

spectra for different locations on the beam. The maps shown in Figure 4.5 are not
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Figure 4.5: Raman spectral images for a 100 gm-long by 10 pm-wide Poly1 fixed-
fixed beam (a) Raman spectra map, (b) Raman camera image of de-
fined area, (¢) 2D Raman profile across the beam, and (d) Raman
along the length of the beam.

referenced to the Ar™ laser line. Referencing to the laser line will only shift the
stress magnitude up or down according to the laser reference position and typically

does not alter the stress profile.

From Figure 4.5, I can determine the uniformity of the stress across the width
of the beam and down the length of the beam. This provides insight into the desired
positioning of the laser beam on the MEMS structure. Since no significant stress
variation is observed across the width of the beam in Figure 4.5¢), this suggests that
the Raman laser line scan does not have to be precisely positioned in the center of

the beam to obtain the correct stress profile and stress magnitudes along the length
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of the beam. The stress across the width of the beam should be nearly uniform until

the beam becomes exceedingly wide (i.e. greater than approximately 40-50 pm).

A key observation concerning the characterization of residual stress in a fixed-
fixed beam is that the residual stress profiles obtained using pRaman spectroscopy
for the released fixed-fixed beam is nearly identical to the stress profile obtained
through the analytical fixed-fixed beam model for a uniform applied load (see Fig-
ure 4.3). This helps to verify that the stress profiles obtained through pmRaman
spectroscopy are representative of the uniform stress distribution within a fixed-fixed

beam structure for a uniform applied load.

4.4.8  Analytical Stress Model for a Cantilever.  An analytical stress model
was generated to verify the pmRaman stress profiles. The analytical solution pro-
vides insight into the characteristic freestanding cantilever residual stress profiles
measured using pmRaman spectroscopy. The analytical model is based on a free-

standing cantilever with a uniform load distribution (gravity).

Figure 4.6 shows the analytical diagram used to determine the residual stress
profile for a cantilever with a uniform load. The load g is the distributed load due to
gravity. Rj is the resultant force, and M is the moment about the cantilever [23,24].
For a released cantilever with a uniform distributed load, the residual stress can be
calculated by Equation 4.1 [23,24] where M(z) is the moment about the cantilever
and is given by [23,24]

M(z) = =5(1—2)" (N/m) (4.4)

where g (N/m) is the distributed load, [ (m) is the cantilever length, and = (um) is
a selected position along the length of the cantilever respectively. For the analytical
stress model calculation plotted in Figure 4.6, I stepped the value of z from 0-
150 pm (model cantilever length). The distributed load ¢ for this cantilever model
is given by Equation 4.3.
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Figure 4.6:  Analytical stress model for a MEMS cantilever [24].

The compressive residual stress along the length of the cantilever can again be
considered a uniform load since this stress will produce a constant uniform applied
force within the material layer (similar to Figure 4.6). The analytical cantilever stress
profile representing a uniform applied force due to gravity is shown in Figure 4.7.
The Raman stress profiles presented later for released cantilevers clearly resemble
the stress profile shown in Figure 4.7. This model can be applied to all cantilevers

with different lengths and/or thicknesses when a uniform load is applied.

4.4.4 Cantilever. 1 performed Raman scans on MUMPs® cantilevers just
as | performed the scans for the fixed-fixed beams. A set of three repeated back-
ground Raman scans were again performed on pre and post released Polyl and Poly2
cantilevers with structural dimensions of 100 pum-long by 10 pum-wide. Figure 4.8
shows a series of stress images for a Polyl cantilever. Figure 4.8a) shows the back-
ground unreleased and released stress profiles for a Polyl cantilever. As observed in
Figure 4.8a), the released residual stress profile obtained by pmRaman spectroscopy
clearly resembles the analytical cantilever model shown in Figure 4.7. The slope of
the residual stress profile is due to the moment about the anchor of the cantilever.

The residual stress in a cantilever can likewise be modeled as a uniform load dis-
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Figure 4.7:  Analytical stress profile of a cantilever with a uniform load.

tribution along the cantilever length. Figure 4.8b) displays the residual stress map
for a cantilever with respect to the length and width. Figure 4.8¢) displays the 2D
stress profile across the width of the cantilever. Finally, Figure 4.8d) displays the
2D stress profile along the length of the cantilever.

As seen in Figure 4.8c), the stress is again nearly uniform across the width of
the cantilever. As before, the stress profiles in Figure 4.8b)- d) are not referenced
to the laser line. The stress map in Figure 4.8b) is obtained with an xy step size of
1 pm. Measurements on Poly2 cantilevers yield nearly identical residual stress map
profiles. The Raman unreleased and released stress profiles for a Poly2 cantilever
are shown in Figure 4.9 to illustrate the stress magnitude similarities to the Polyl

cantilever layer.

4.4.5 SUMMIT Cantilevers. Several SUMMIT cantilevers are used to
assess the residual stress levels in SUMMIT cantilever structures. Since the phos-

phorous doping is performed during polysilicon deposition in the SUMMIT process,
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Figure 4.8: Raman stress images for a 100 um-long by 10 um-wide Polyl can-
tilever: (a) background residual stress profiles for unreleased and
released cantilever; (b) Raman spectra map; (c¢) 2D Raman profile
across the beam (y-direction); and (d) Raman along the length of the
beam (x-direction)

a very uniform doping concentration should exist in these structures. Figure 4.10
illustrates an IFM image of the SUMMIT cantilevers. As illustrated in Figure 4.10,
the MMPOLY1 (bottom) cantilever is stuck to the substrate. The MMPOLY1+2
and MMPOLY 14243 cantilevers appear to be freestanding.

The Raman stress profiles on all three cantilever structures are illustrated
in Figure 4.11. As illustrated in Figure 4.10, all cantilevers appear freestanding

with the exception of the 240 pm-long MMPOLY1 cantilever which is stuck to the
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Figure 4.9:  Background residual stress profiles for an unreleased and released 100
pm-long by 10 um-wide Poly2 cantilever made in MUMPs® run #43.

substrate. (Figure 4.11a) and -b) illustrate a similar assessment with the 240 pm-
long MMPOLY1 cantilever shown in Figure 4.11b) as the only cantilever stuck to
the substrate. The 240 pm-long MMPOLY1/2 and MMPOLY1/2/3 cantilevers are
freestanding as illustrated in Figure 4.10. The pmRaman stress profiles for these
two cantilevers indicate a slight bend approximately 150 pum down the cantilever
length. This is likely due to the laser focusing on the sample. The SUMMIT die
was mounted in a chip carrier which exhibited a slight tilt due to the crystal bond
adhesive used to secure the die. I noticed the laser beam did become slightly out
of focus during these Raman scans. Thus, the slight bend in the ymRaman stress

profile for these two cantilevers is an artifact of improper laser focusing.

For the SUMMIT die tested, the various cantilevers illustrated were the only

devices evaluated using Raman spectroscopy. Additional SUMMIT fabrication pro-
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Figure 4.10:  (a) IFM image of the SUMMIT 120 pm and 240 pm-long cantilevers
illustrating curvature. (b) Illustration of the deflected cantilevers
showing the difference in the fringe line patterns on the cantilevers

cesses were not pursued since the remainder of the experimentation focused on mon-
itoring, measuring, and controlling the levels of residual stress relaxation by using
Raman spectroscopy. Several additional reasons for not further pursuing the SUM-

MIT processes include:

e The primary reason is this foundry fabrication process is known to exhibit low
stress levels. The post-processing techniques will provide minimal effects on

the residual stress.
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e With the stress resolution currently from Raman spectroscopy, this system is

unlikely to detect the small stress changes.
e The turnaround time for the SUMMIT process is unpredictable.

e The SUMMIT process is expensive when compared to the MUMPs® process.
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4.4.6  Micromirror Flexure. 1 tested and analyzed several different flexure-
beam micromirror designs. All micromirrors had similar design characteristics with
the exception of flexure lengths and widths. Most flexures were designed with the
Poly1 structural layer although a few micromirrors utilized the Poly2 structural layer.
Identical Raman procedures were used for the micromirror flexures as for the fixed-
fixed beams and cantilevers. I took unreleased and released background Raman scans
on a 135 um-long by 13 pum-wide Poly1 flexure. Figure 4.12 illustrates the generated
stress profiles for the micromirror flexure: Figure 4.12a) shows the background stress
profiles for a line scan for an unreleased and released Polyl micromirror flexure.
Figure 4.12b) displays the overall residual stress distribution of a flexure with respect
to flexure length and width. Figure 4.12¢) displays the 2D stress profile across the
width of the flexure. Finally, Figure 4.12d) displays the 2D stress profile along the
length of the flexure. Again, the stress profiles in Figure 4.12b)-d) are not referenced
to the laser line. The stress map in Figure 4.8b) is obtained with an xy step size of

1 pm. The Poly2 micromirror flexures provide nearly identical stress profiles.

The stress maps for all three structures (fixed-fixed beams, cantilevers, and
micromirror flexures) experimentally verify that the stress across the width of the

structures is approximately uniform.

4.4.7  Induced Micromirror Stress Characterization. Through the use of
pRaman spectroscopy and finite element method models, the residual and induced
stress profiles for the MEMS micromirror flexure are obtained. With these stress
profiles, I can monitor the changes in stress due to an applied electrostatic actuation
voltage. Through these measurements and subsequent calculation of induced stress,
I can asses the sensitivity of the pRaman spectroscopy technique. A significant
change in the stress profile should occur as the micromirror reaches the snap-down

voltage level (approximately 16.5 V for the test structures).
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Figure 4.12:  Raman stress images for a 130 pum-long by 13 pm-wide Polyl mi-
cromirror flexure (a) background residual stress profiles for unreleased
and released flexure, (b) raman spectra map, (c) 2D Raman profile
across the flexure (y-direction), and (d) Raman along the length of
the flexure (x-direction).

4.4.8 Induced Stress on a Micromirror Flezure. The MEMS micromirror
shown in Figure 4.13 is a single element of a mirror array [6]. The mirror is actuated
electrostatically through the use of an electrode pad located under the center of the
mirror. As part of the MEMS design, dimples located under the flexures prevent
electrical shorting and ‘stiction’ effects when snap-down occurs. The mirror is con-
structed using the MUMPs® fabrication process. The mirror is made of a stacked

Poly1-Poly2 structural layer with a region of trapped Oxide2 with gold deposited in
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the center of the micromirror. The mirror is designed with Polyl flexures which are
constrained from movement by anchors at one end and attached to the mirror at
the other end. As seen in Figure 4.13, the flexure attachment to the mirror is solid.
This will allow translation at the end of the flexure, but will resist rotation. The
Raman scan line used to obtain the residual and induced stress profiles is identified

in Figure 4.13.

Raman Scan _
line down center
of mirror flexure

Figure 4.13: MUMPs® run #18 polysilicon piston micromirror designed with
Poly1 flexures [6].

The micromirror flexure can be modelled as a beam as shown in Figure 4.14.
As shown in Figure 4.14, the mirror is anchored to the substrate (left end of beam)
and attached to the mirror at the opposite end. Since the mirror surface moves down
when an electrostatic actuation voltage is applied, the flexure will bend as shown
with the dotted line. Since the flexure to mirror attachment is solid, the attached
end should remain relatively flat as shown by the flat region on the dotted line. As

the actuated mirror flexes the beam downward, one would expect to see the induced

4-20



stress distribution on the top of the beam to be essentially a backward S-shape. A
tensile stress section should exist close to the fixed end of the beam followed by an

inflection point and a compressive stress near the end attached to the mirror.

Electrostatic force

Anchored end
Attached to mirror

NN
4
NN N

Figure 4.14:  Mechanical beam model of a micromirror flexure

Raman stress measurements of this micromirror include both induced and
residual stresses profiles. To accurately characterize the induced stress, one must first
obtain the residual stress in the micromirror flexure. Figure 4.15 shows both the Ra-
man frequency shift along the longitudinal axis of the flexure as well as the resulting
residual stress calculated using the hydrostatic pressure constant of 2.19 cm ™! /GPa.
The flat region on the left-hand side of both curves corresponds to the anchor of the
flexure. The stress distribution starts with a small tensile stress close to the anchor
and reaches a maximum of approximately 90 MPa just past the midpoint of the
flexure, then begins to relax as it approaches the mirror attachment. One should
note that the geometry of the mirror attachment will add some degree of torsion to

the flexure.
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Figure 4.15:  The residual stress distribution along the micromirror flexure shown
in Figure 4.13.

To induce stress in the micromirror flexure, the micromirror is electrostatically
actuated for voltage levels ranging from 1 V to 20 V. A representative schematic
of a basic electrostatic piston micromirror is illustrated in Figure 4.16 showing how
the mirror can be modelled as a mass-spring device. Through the applied voltage,
one can calculate the amount of deflection as a function of the applied voltage. The

amount of mirror deflection can be calculated from the following equation [5]

6[)AV2

d=_—2""
2(h — d)?

pum (4.5)

where A is the overlapping electrode area, € is the dielectric constant of air

(8.854 x 10712 F/m), V is the voltage across the electrodes, k is the calculated spring
constant, and h - d is the relative gap between the electrodes and is represented
by the as-fabricated plate height minus the deflection of the plate [5]. The spring

constant k is obtained from the following equation [5]
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k=nl )

(N/m) (4.6)

where n is the number of micromirror flexures, £ is Young’s modulus, o is the

residual stress value, and w, [, and ¢ are the flexures width, length, and thickness

respectively.
k, spring constant
"""" Y Y
7 4 q 4
i A
A
Movable top electrode H
g
A 4 A 4
6} Applied
Fixed bottom electrode

Figure 4.16:  Schematic view of basic electrostatic piston micromirror [5].

The deflection equation (Equation 4.5) is used to analytically calculate the es-
timated snap-down of the micromirror. Snap-down for this particular micromirror is
calculated to be 16.5 V. I experimentally measured snap-down of the micromirror to
be approximately 15.96 V through the use of an interferometric microscope (IFM).
By electrostatically actuating the micromirror, one can observe snap-down by mon-
itoring the fringe lines on the micromirror flexures. Once snap-down occurs, the
fringe lines are more numerous due to the height variation on the flexures (see Fig-
ure 4.17). Since snap-down of the mirror occurs around 16 V| this voltage level will
assist in identifying the snap-down region of the micromirror in the induced stress

image obtained by using Raman spectroscopy. To avoid hysteresis effects during the
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actuation, care was taken to approach the voltage value from the lower side for all
measurements. At each voltage setting, a single Raman line scan was taken across the
same physical dimensions used to find the residual stress distribution in Figure 4.15.
The residual stress (the stress measured with no electrostatic actuation) was sub-
tracted from each of the corresponding stress distributions to yield the true induced
stress profiles. To help analyze the induced stress curves obtained experimentally us-
ing pRaman spectroscopy, I used a MEMCAD finite element method (FEM) model.
The FEM stress curves help to support the assumption of a nearly uniform stress
across the width of the flexure. Based on FEM modelling (Section 2.6.5, the primary

component of stress is in the x-direction (along the length of the flexure).

Figure 4.17:  Interferometric microscope image of a set of micromirrors simultane-
ously in snap-down. Snap-down is observed by the multiple fringe
lines on the micromirror surface and flexures.

The results of calculated 3-D induced stress is provided in Figure 4.18 and
Figure 4.19 provides a third degree polynomial fit of the induced stress image shown
in Figure 4.18. The third degree polynomial fit was selected since this fit the raw data
properly. From the 3-D images, the micromirror snap-down region is observed at
approximately 16 V for a flexure length of 120 um. The flat region near the left sides

of the plots corresponds to the anchored end of the flexure. As can be observed from
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the images, the induced stress does increase as the applied voltage is increased and
changes abruptly once snap-down occurs. Figure 4.18b) and Figure 4.19b), show the
corresponding 2D induced stress map which clearly identifies the snap-down voltage

level.

The calculated induced stress profiles for the piston micromirror are obtained
using the MEMCAD FEM analysis software as outlined in Figure 4.20. A line
marker is used to extract the FEM data as displayed across the micromirror flexure.
The MEMCAD FEM stress curve for the 20 V (snap-down) condition is shown in
Figure 4.21. The shape of the induced stress curve in the snap-down region conforms
qualitatively to the expected S-shaped distribution from the analytical beam model
shown in Figure 4.14. In fact, there is tensile stress close to the anchor (left) end of the
flexure which decreases through an inflection point. This is followed by an increase in
tensile stress near the right end of the beam. The shape of the curves corresponds well
with the nature of electrostatic actuation. As illustrated in Figure 4.18, the shape
of the stress curve changes minimally as the voltage is increased. Then, as the snap
down voltage is approached, the shape of the curve changes abruptly corresponding

to a large change in deflection over a short voltage range.

All of the Raman stress curves illustrated in this section are obtained through
the use of the hydrostatic pressure Polyl constant determined in Chapter 2. All
stress profiles (unless noted) are referenced to the laser line and the average of three
repeated Raman scans over the same structure. As determined by the Raman stress
maps analysis, the stress occurs predominantly down the length of the flexure (x-
direction). The stress across the flexure (y-direction) was minimal. Through the
use of MEMCAD, these same structures are modeled. The generated MEMCAD
stress profiles (see Figure 4.22) and the experimentally measured Raman map files
of the MEMS structures for the y- direction illustrate the same result. These results
from both Raman and MEMCAD indicate the stress across the MEMS structure is

minimal and no significant change in the magnitude was noted across the width of
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Figure 4.20: MEMCAD FEM data extraction technique for a micromirror flexure
at snap-down.

the structures. In addition, both Raman and MEMCAD verify the primary element
of the residual stress occurs along the length of the structure. Thus, the stress in

the y- and z-directions is negligible when compared to the x-direction stress.

4.5 Residual Stress Measurement Techniques

Several different measurement techniques are available to determine the resid-
ual stress values and Young’s modulus for a particular materials deposition process.
Some of the MEMS devices which can be used to determine the residual stress
and Young’s modulus include resonators, cantilevers, and microbridges. Each mea-
surement technique is briefly described. I used these test structures to determine

experimental values for residual stress and Young’s modulus.
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Figure 4.21:  FEM induced stress in the micromirror flexure shown in Figure 4.20
at snap-down

4.5.1 Beam Pull-in Measurement Technique. The "beam pull-in” voltage
method is based on the pulling down of the upper electrode (beam) towards the
substrate. When the voltage between the ground electrode and the beam electrode
exceeds a critical level, the beam will be pulled down to the substrate. Both tensile

and compressive stress and the Young’s modulus of a thin film can be derived using

this method [28].

In this method, a voltage is applied across the gap between the free-standing
beam and the substrate. The electrostatic force causes the beam to deflect toward

the substrate. Figure 4.23 illustrates the basic design of the beam pull-in structure.
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Figure 4.22: Y- and Z-stress components obtained from MEMCAD for the mi-
cromirror flexure shown in Figure 4.20 at snap-down. Figure (a) Y-
Component and Figure (b) Z-Component

An increase of the deflection of the beam results in a decrease of the gap spacing and

Beam Electrode

N

Ground Electrode \ d=2um gy

Substrate

Figure 4.23:  Schematic of MEMS Polyl Microbridge for the “beam pull-in” mea-
surement.

thus in an increase of the electrostatic force. If the applied voltage exceeds the pull-
in voltage, the deflection does not reach an equilibrium position and will continue
to increase until physical contact is made with the ground electrode (snap-down).
Figure 4.24 illustrates the deflection of a beam with applied voltage. The pull-in

voltage value depends strongly on internal stress. As a result, thin-film stress or
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even Young’s modulus of the material can be determined by measuring the pull-in
voltage of the structure and the amount of deflection of the beam. Some assumptions
to make include: 1) the beam material is uniform; and 2) the direction of the electric
field in the air gap is always perpendicular to the electrode plates when the beam

deflection occurs [28].

Beam Electrode ¢
e t=2pm
*

S ettt foezum sy

Substrate

Figure 4.24:  Actuated MEMS Poly1 microbridge

4.5.2  Wafer Curvature Measurement Technique.  One of the most challeng-
ing aspect of micromachining is the measurement and control of the residual stress
in the thin film materials employed. Current process control has failed to produce
repeatable residual stress results in MEMS material layers. The wafer curvature
technique is used to determine the residual stress values for the MUMPs® process

at the foundry [17]. Figure 4.25 illustrates the wafer curvature stress measurement.

The Stoney Equation for the wafer curvature stress measurement is given by [5,

20]:
E,t?

AT (Pa) (4.7)

Uf:

where F; (MPa), v, (unitless), t; (um) are Young’s modulus, the Poisson ratio, and
the thickness of the substrate. Also, t¢ (uwm) is the thickness of the film, and R (um)
is the measured radius of curvature of the bowed wafer for bow B (um) much less
than the deflection scan length L (um), where R &~ L?/8B [7]. The Stoney Equation

relates the radius of curvature (or wafer bow) due to the addition of a film to one side
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Figure 4.25:  Wafer curvature measuring illustration

of the wafer, to the residual film stress [20]. In the Stoney Equation, it is assumed
that the substrate thickness is much larger than the film thickness and the Young’s
modulus of the film is approximately equal to Young’s modulus of the substrate. Two
further assumptions are also made: 1) the film stresses are isotropic and constant;
and 2) the elastic properties of the substrate plane are transversely isotropic. Bow
measurements at the MUMPs® foundry are currently made using a Tencor FLX-
2320 laser scanning thin film stress measurement system [17]. The Tencor measures
substrate deflection across a single axis of the wafer and reports radius of curvature
and wafer bow. Wafer bow measurements are performed on dedicated monitor wafers
processed with each fabrication run. Polyl and Poly2 monitor wafers are used to
ensure that the film stresses measured are representative of the film stresses on the
MUMPs® wafers [5]. Because films are deposited on both sides of the polysilicon
monitor wafers, the bow measurement is performed by stripping the test film from
one side of the wafer. After removing the cap oxide from both sides of the monitor
using a wet etch the bow is measured [5]. The test film is then removed from one
side of the wafer using reactive ion etching (RIE) and the bow is measured again [5].
The difference in the bow measurements represents the bow caused by stress in the

test film.
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Although the key advantage of the wafer bow method is low cost, there are

several limitations of this technique including the following:

e The wafer curvature technique provides a mean value of film stress across the
wafer rather than the local strain field. No localized stress information can be

determined.

e The wafer curvature technique provides no information about residual stress
variations across the wafer or any residual stress gradients (variations through

a given film along the z-direction).

Table 4.1 provides a comparison between the residual stress values obtained
from the wafer curvature technique performed by the MUMPs® foundry and the
stress values I calculated from my MUMPs® buckled beam arrays and resonator
devices. I derived the localized residual stress values by measuring the resonant
frequency of comb drives (Section 4.6.1). From the comb drive resonant frequency
equation (see Equation 4.11), I obtain the value of Young’s modulus which is then
applied to the critical buckling beam equation (see Equation 4.8). Using IFM, I am
able to easily identify the critical buckling length of both the Polyl and Poly2 fixed-
fixed beams. From the critical buckling equation, I determine the localized residual

stress value for each particular MEMS die.

To obtain the localized stress level in Table 4.1, I released two die from each
MUMPs® run and measured the comb resonance and buckling beam lengths. I
performed these tests to determine the variations in the localized residual stress

levels between the MUMPs® runs.

As shown in Table 4.1 the residual stress levels are slightly different for each
MUMPs® run. This is typically the case From the published MUMPs® foundry
data [1], the stress in the Poly0 layer ranges from approximately -25-50 MPa (com-
pressive) over the MUMPs® runs I used in this research. The tensile stress in the

nitride insulating layer varied from 126-153 MPa [1]. The
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Table 4.1:  As Fabricated Compressive Residual Stress Comparisons.
MUMPs® Run | Structural Layer | Wafer Curvature [1] | Localized Stress
(#) MPa MPa
38 Poly1 -8 -5.71
38 Poly2 -7 -13.48
41 Poly1 -8 -5.51
41 Poly2 -4 -13.48
42 Poly1 -9 -5.71
42 Poly2 -7 -15.48
43 Poly1 -9 -5.92
43 Poly2 -6 -12.63
44 Poly1 -10 -6.12
44 Poly2 -6 -14.43
45 Poly1 -17 -7.19
45 Poly2 -9 -16.65

4.5.83  Fized Beam Measurement Technique. An array of fixed-fixed beam
structures (micro-bridges) of lengths ranging from 100 pum to 900 pgm in increments
of 10 pm are used to determine the residual stress of both Polyl and Poly2 structural
layers in the MUMPs® process. These structures will buckle for stress values above
the critical Euler stress [10]. Although the buckling beam arrays require a significant
amount of die space, they were my primary means of determining stress variations
during my post-processing experimentation which is outlined in Chapters 4 and 5.
Through the use of an IFM, the precise critical buckling beam length is readily

determined. Figure 4.26 illustrates a schematic of a micro-bridge designed using the

Poly1 structural layer.

The beam buckling equation, solved for length L, is given by [5,11]

L=\ "EE ) (48)

where ¢ (um) is the beam thickness, o(Pa) is the residual stress, and E (GPa) is

the Young’s modulus of the material. The length L in Equation 4.8 is the maximum
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Figure 4.26:  Schematic of a MUMPs® Polyl microbridge

length before buckling occurs. By knowing the elastic modulus of the material, the
localized residual stress can be determined for the MUMPs® die. Figure 4.27 illus-
trates an IFM image of buckled Poly1 and Poly2 fixed-fixed beam arrays. Figure 4.28
is a close-up scanning electron microscope (SEM) image of a set of Polyl buckled

beams stuck to the substrate.

The Poly1 and Poly2 buckling beam arrays illustrated in Figure 4.27 are nearly
identical with the exception of the beam thickness ¢ (2.0 um for Polyl and 1.5 um
for Poly2) and the beam height above the substrate d (2.0 pm for Polyl and 2.75 um
for Poly2). Without an IFM microscope, it can be difficult to determine the first
buckled beam in an array, as the change in height is typically limited by contact with
the substrate to 2.0-2.75 um in MUMPs®. An IFM allows easy identification of the
first buckled beam length through the fringe lines on the test structures. The IFM
image in Figure 4.27 illustrates the critical buckling beam lengths for the MUMPs®
foundry fabricated test arrays (no post-processing performed on the die) following
a supercritical carbon dioxide (C'Os) dry. In Figure 4.27, all beams longer than the
first buckled beam are buckled. The length of the first buckled beam in the Polyl
array is 550 pm and in the Poly2 array is 310 pm which correspond to residual stress

values of -4.63 MPa and -12.62 MPa respectively.

Initially, four MUMPs® test die were used to determine the preliminary resid-

ual stress and Young’s modulus values through the buckling beam arrays and comb
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Figure 4.27:  Interferometric microscope (IFM) image of buckled MUMPs® Poly1
and Poly2 beams

resonators. For these die, I used the release procedure outlined in Appendix A. Using
a hotplate to perform the final dry yielded inconsistent results. From the four test
die evaluated, the first buckled beam for Polyl ranged from 160-500 pm in length
and for Poly2 ranged from 230-300 pm. With an estimated Young’s modulus value
of 160 GPa, these beam lengths correspond to localized residual stress values ranging

from -8.4 - -72 MPa for Polyl and from -23 - -36 MPa for Poly2.

Since my primary research objective was to use pRaman spectroscopy as an
experimental technique to measure and monitor the residual stress levels in released
and unreleased MEMS structures, I needed a repeatable release process to quan-
titatively determine stress changes via the buckling beam arrays, cantilevers, and

micromirrors. In an attempt to obtain repeatable results in the Polyl and Poly2
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Figure 4.28:  SEM image of buckled Polyl beams

buckling beams and cantilevers, a supercritical COy dryer was purchased to allevi-

ate the stiction problems encountered with the hotplate dry.

4.5.4  Supercritical Carbon Dioxide (CO3) Drying. A critical step in the
surface micromachining of MEMS devices is the process that releases, cleans, and
dries the flexible structures that are crucial to MEMS functionality. Stiction is one of
the most problematic issues confronting producers of MEMS based products. MEMS
devices are inherently sensitive to stiction because the polycrystalline structural

members are relatively compliant and only a few microns above the substrate.

Stiction can occur as a consequence of poor packaging, handling, transporta-
tion, or device operation. Stiction typically occurs during the release of MEMS struc-
tures. Surface tension is the major culprit in process induced stiction. Following the
sacrificial layer release with an HF dip (wet etch in HF), a solvent (methanol, iso-
propyl alcohol, etc.) rinse is used to remove the HF. This rinsing liquid gets trapped
in the narrow gaps between the silicon wafer and the suspended MEMS structures.

Interfacial forces generated when this trapped capillary fluid dries can cause the
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microstructures to collapse and stick to the substrate or underlying layer [4]. The

meniscus force between two flat polished surfaces with a liquid bridge is given by [4]

v= —%(cos 0y + costy) (N) (4.9)

where 6; and 6, are the contact angles of the liquid with the two solid surfaces,
A is the shared area of the parallel surfaces, assuming the gap between them is
flooded with capillary liquid, h is the average thickness of the liquid bridge, and
v (N/m) is the surface tension [4]. As seen in Equation 4.9, the attractive force is
inversely proportional to the spacing between the structure and the substrate. This
attraction is resisted by the bending stiffness of the structure. Since a decrease in
gap spacing caused by the bending of the structure increases the surface tension,
a stable equilibrium point may not exist. In this case, the structure will be pulled

down to the substrate.

Supercritical COs drying has zero surface tension (v = 0), thus eliminating
the capillary force from Equation 4.9 [4]. Research has shown that supercritical
CO5 can be successfully used to alleviate stiction problems and provide clean, dry
surfaces [9,16]. In the supercritical C'Oy process, the MEMS die are immersed in a
shallow layer of methanol in the C'O, chamber at room temperature. Liquid C'O,
displaces the methanol during a 5-min purge cycle. The temperature of the liquid
CO; is then raised above its critical point (Figure 4.29). The chamber is vented at
a constant temperature of 7' > T, (7. is the critical temperature of CO;) and the
CO4 escapes as a gas. A liquid to solid interface is never formed during the process,

and hence surface tension is completely suppressed.

A model 815B supercritical CO, dryer was purchased from Tousimis [27]. Be-
ginning with MUMPs® run #41, the release etch procedure outlined in Appendix A

was changed slightly. All release steps remained the same except the final hotplate
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Figure 4.29:  Phases of C'O, for various combinations of pressure and temperature
with the regions used for release annotated, after [4,18]. The release
process begins at point 1, where liquid CO, displaces methanol. The
pressure of the drying chamber is raised (point 2) to prevent the
liquid from evaporating in the normal fashion when the temperature
is raised (point 3). The C'Oy now exists in a supercritical state where
it is both a liquid and a gas with no interface between the two. As
the pressure is released the C'O5 becomes all vapor and escapes from
the drying chamber (point 4).

dry was replaced by drying using the Tousimis supercritical C'O5 dryer in an attempt

to reduce stiction effects.

Following the HF release etch and methanol rinses, the MEMS die is placed
in the C'Oy chamber with enough methanol to just cover the MEMS sample. The
chamber is sealed with three fasteners and the supercritical COy drying process
begins by pressing the “COOL” button on the C'Oy dryer front panel. Once the
temperature reaches approximately —7 °C', the “FILL” button is pressed and the
chamber begins to fill with liquid CO,. From this point forward, the drying process

is automatic until completed.
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Prior to the CO, purchase and installation, I had the MUMPs® foundry [1]
release 15 MEMS die from MUMPs® run #41 with their supercritical CO, dryer
system. Through the use of an IFM, the Poly1 critical buckling beam lengths ranged
from 550 to 570 pm and for Poly2 ranged from 280 to 310 um. On these same die, 1
designed an identical Polyl buckling beam array with an added dimple in the center
of the beam length and width. This dimple should prevent premature buckling due
to capillary forces and stiction. For this Polyl structure, the buckling beam lengths
ranged from 550 to 580 pum. This is a good indication that stiction is not occurring
since both types of Polyl buckling beam array structures resulted in nearly identical

results.

From these results, the buckling lengths are very repeatable and fairly consis-
tent between MEMS die. The MUMPs® process is known to have small variations
in residual stress from one wafer to the next and this may be a contributing factor
in the slight variation observed in the buckling beam lengths. The slight variation
in the Polyl beam lengths is equivalent to a stress difference of 393 kPa and the
variance in Poly2 beams is equivalent to -2.85 MPa of stress, respectively. This set
of die was used as a baseline for subsequent supercritical (CO3) drys performed in

AFIT’s cleanroom.

When AFIT received and installed the CO, dryer, I released several MUMPs®
die to determine proper C'O, dryer operation, and also to observe the repeatability
of the releases. The critical buckling lengths were measured with consistent and
repeatable results between test die. The critical buckling lengths measured on these

die fell within the range established from the MUMPs® foundry release.

Initially, Tousimis programmed the C'O, dryer for a purge time of 10-min,
during which methanol is exchanged with liquid C'O,. At this setting, approximately
4-1bs of liquid C'Oy is required for each dry cycle. Since the C'O5 bottles require a dip
tube, only half the C'O5 in the bottle can be used. Therefore, for this setting, only 4-
5 die could be dried per bottle of CO,. With the small MUMPs® die size (0.5 cm?),
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I changed the C'O, dryer cycle to include only a 5-min purge instead of the 10-min
purge. At this setting, a complete dry cycle requires approximately 1.5-1bs of C'Os.
Again, several die were used to check for proper release of the MEMS structures and
to verify that the critical buckling lengths were maintained. At this new setting, I
received identical buckling beam lengths as previously measured. Thus, I performed

all remaining MEMS releases using the C'O, dryer at the 5-min purge setting.

4.6 Young’s Modulus

Young’s modulus is the proportionality constant which relates stress and strain

in a material by:
stress o N

strain €

) (4.10)

m?
Most materials obey Hooke’s law; that is, they deform linearly with load. Since the
load is proportional to stress and the deformation is proportional to strain, stress and
strain are linearly related. The larger the value of Young’s modulus of a material,

the less it will deform for a given stress, thus the material is stiffer.

The calculation of Young’s modulus is directly related to the material density;,
which will be slightly different for films deposited under different conditions. The
values and dimensions can also be affected by doping concentration and shrinkage
or expansion during a diffusion process. For polysilicon, the density value of
2.33 g em™3 of single crystal silicon is typically used [19]. Errors due to the inexact

density and the non-true vertical sidewall profiles can range from 5-10% [19].

Doping, annealing, and film thickness do not significantly influence the mea-
sured value for Young’s modulus [21]. Several studies were performed to determine
the Young’s modulus of LPCVD polysilicon films. However, the measured values
of Young’s modulus for polysilicon films deposited by LPCVD had a large variation
from 40 to over 170 GPa [19].
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Several different measurement techniques for the determination of Young’s
modulus in polysilicon exist. They include: 1) the bulge test of square and rect-
angular membranes; 2) the load deflection method; 3) the wafer curvature method;
and 4) the ultrasonic surface wave method [19]. However, all these test methods give

different results, and it is not clear which gives the correct Young’s modulus.

4.6.1 Resonator Measurement Technique . The comb-drive resonator has
been the most widely used MEMS device to measure Young’s modulus [2,12,19,22].
Tang [26] explored in detail the mathematical basis for resonance in a comb drive.
Using the spring constant in the x-direction, k,, the resonant frequency can be

calculated as:

24EL
,/ H 411
~ o 27r\/ M, + 1M, + ZM,) I8 (Hz) (4.11)

where F (Pa) is Young’s modulus, I, (m?*) is the cross sectional moment of inertia
for the beam with respect to the axis, L (um) is the beam length, and M, M,, and
M, are the mass of the plate, trusses, and beams (kg), respectively [8, 26].

I obtained the Young’s modulus for MUMPs® runs #38 and #41-45 through
the use of comb drive resonators. The resonance was measured using an HP 4195A
Network/Spectrum Analyzer. The measured resonant frequency for Polyl comb
drive resonators is approximately 22.6 4+0.15 kHz and for Poly2 is approximately
18.9 £0.15 kHz. The resonant frequencies are used to determine Young’s modulus
for each particular layer. These resonant frequencies correspond to Young’s modulus
values of 131 £2.0 GPa for Polyl and 162 £2.0 GPa for Poly2 respectively. The de-
rived Young’s modulus is then applied to the critical buckling equation to determine

the localized residual stress level.

4.6.2  Estimated Residual Stress Variation. — Throughout this research, I use

the combination of comb drive resonators and buckling beam arrays to quantitatively
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Figure 4.30:  Polyl comb drive resonator used to measure Young’s modulus

determine the Young’s modulus and localized residual stress values. To determine
the estimated error variation in the measured residual stress values, I selected the
worst and best case scenarios for the combined buckling beam length and comb res-
onance and used this as the typical error variation for the residual stress in standard

MUMPs® test die.

I estimated the residual stress variance due to system and material variations
by using the average of 20 buckling beam arrays which did not have post-processing
performed. The average buckling beam length for Polyl is 560 +10 um and Poly2
is 290 £10um. The resonant frequencies measured for these identical MEMS die
are 22.5 £0.15 kHz for Polyl and 18.9 4+0.15 kHz for Poly2. From the shortest

buckling beam length and the highest resonant frequency, the maximum stress value
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for Polyl is determined to be -5.789 MPa. The longest buckling beam and lowest
resonant frequency provides the lowest residual stress value which is calculated to
be -5.249 MPa. Thus for the average buckling beam, we obtain a stress value of
-5.51 £0.25 MPa. By repeating the above procedures for Poly2, I obtain a stress
variation of -13.8 £1.6 MPa. These error bars can be applied to all critical buckling
stress values when post-processing is not performed. If post processing is performed,
the buckling beam lengths change and thus new error bars are required. Figure 4.31
illustrates the expected variation in Polyl residual stress at each buckling length.
Figure 4.31a) provides the stress variation for 100 pum to 450 pm long buckling
beams and Figure 4.31b) provides the stress variation for 450 um to 900 pm long
buckling beams. From Figure 4.31, the stress variation reduces significantly as the
buckling beam length increases. Figure 4.32 illustrates the expected variation in

Poly?2 residual stress at each buckling length.

4.7 Summary of Chapter IV

In this chapter I show that the localized residual stress levels in MEMS devices
vary not only from one test die to another but also from one MUMPs® run to the
next. With the stress variations in the foundry’s fabrication processes, it is extremely
difficult to design MEMS structures which provide repeatable operational results. I
performed several experimental tests using pRaman spectroscopy to measure the
background residual stress distribution in unreleased and released MEMS structures
including conventional beams, cantilevers, and micromirror flexures. I generated
stress map images to illustrate the stress variations across the width and length
of these test structures. I compared my measured Raman stress map to results
obtained from the MEMCAD FEM software. Both measured and numerical results
clearly illustrate that the stress across the Polyl and Poly2 flexures is minimal, as
compared to the stress down the flexure lengths. I show that the measured and

calculated values of stress are well correlated across the width of the structure (y-
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direction) and along the length of the structure (x-direction). Both Raman and
MEMCAD indicate minimal stress variations across the width of a structure with
the primary stress component along the leng